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ABSTRACT 
 
Provenance of Tin in the Late Bronze Age Balkans: Preparation of cassiterite for Sn isotope 
analysis and the Probabilistic and Spatial Analysis of Sn Isotopes 
by 
Andrea Mason 
Advisor: Wayne Powell 
 
 The sources of tin for the European Bronze Age (2200-1050 B.C.E.) have remained undetermined. 
Isotopic analysis has shown promise as a means of providing “fingerprints” of bronze artifacts that can be 
matched to their parental ore sources. This project has accomplished the following: (1) further tested and 
defined a method for the preparation of cassiterite for isotopic analysis, and (2), determined the 
provenance of tin used for metallurgy in the central Balkans during the later Bronze Age based on Sn 
isotopic compositions of bronze artifacts and local tin ores.  
Two distinct methods have been applied in recent isotopic studies of cassiterite: (1) reduction to 
tin metal with potassium cyanide (KCN) at high temperature (800 °C), with subsequent dissolution in 
HCl, and (2) reduction to a Sn solution with hydroiodic acid (HI) at low temperature (100 °C). The most 
robust method for preparing cassiterite is via the Haustein et al. (2010) method with a flux to sample 
ratio of between 4:1 and 6:1 for a duration of 40 minutes or more.  The HI method proposed by 
Yamazaki et al. (2013) can produce unreliable results because Sn may fractionate as a volatile during the 
HI reduction process and this method is not recommended for the preparation of cassiterite for isotopic 
analysis. The laboratory induced fractionation observed here (up to 0.35‰ per mass unit) suggests that 
Sn isotope fractionation can span a range greater than previously recorded in the literature. 
We report the largest published dataset to date of Sn-isotopic compositions of Bronze Age 
artifacts (338) along with 150 cassiterite samples (75 new) from six potential tin ore sources from which 
the tin in these artifacts were thought to have originated. Artifacts enriched in heavy isotopes (δ124Sn > 
0.7‰) that cluster in west-central Serbia are likely associated with the ores from Mt. Cer in west Serbia. 
Mixed artifact assemblages (high and low δ124Sn) in this region are attributed to the use of cassiterite 
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from the two Serbian sites (Mt. Cer and Mt. Bukulja). Moderate composition artifacts that occur north of 
the Middle Danube in Vojvodina, Transylvania, and Central Europe are likely associated primarily with 
ores from the West Pluton of the Erzgebirge. Compositionally light bronzes (δ124Sn <0.2‰) in southern 
Serbia and the lower Danube river valley cannot be linked to a documented ore source. There is no 
indication of the use of ores from Cornwall or the East Pluton of the Erzgebirge in Central Europe and 
the Balkans during the Late Bronze Age.  
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Chapter 1: Introduction 
Tin is a rare metal that is required for production of bronze (approximately 90 wt% Cu and 10 wt% 
Sn). The predominant ore mineral of tin is cassiterite (SnO2). The sources of tin for the European Bronze 
Age (2200-1050 B.C.E), have remained undetermined. The largest tin occurrences in Europe are found in 
association with late Variscan granitic rocks (Permian-Triassic) of Cornwall, the Iberian Pennisula, Bohemia 
and Brittany. These deposits are far from the heart of Aegean cultures, and evidence for prehistoric tin 
mining of these deposits is rare, consisting mainly of small tin slag fragments (Penhallurick, 1986; Muhly, 
1985; Haustein, 2010; Wang et al., 2016).  
 
 
Figure 1. Tin localities in Europe and Southwest Asia 
Much is known about copper sourcing in prehistoric Europe due, in part, to the many preserved 
mine workings dating as far back as the Eneolithic (e.g.,Pernicka et al., 1993). However, the identification 
of tin ore sources for bronze metallurgy in European prehistory is impeded by the absence of bedrock-
hosted tin workings in Europe prior to the Middle Ages. In contrast, numerous examples of underground 
workings have been discovered in the area from Anatolia through Central Asia. Extensive underground 
extraction tunnels have been documented at Kestel in the Taurus Mountains of Turkey, with charcoal that 
dates the use of the mine to the Early Bronze Age (Yener et al., 1989). Nearby, numerous galleries 
containing cassiterite-bearing veins, along with Early Bronze Age ceramics, occur at Hisarcik 25 km to the 
north (Yener et al., 2015). The Deh-Hosein tin-copper deposit in the Zagros Mountain of Iran has more 
than 75 large open depressions along mineralized horizons, with radiocarbon dates confirming mining 
operations in the Early Bronze Age (Nezafati et al., 2009). In the Zerafşan valley in Uzbekistan and 
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Tajikistan, extensive mining galleries containing hammers, ceramics, and evidence of mining by fire-
setting are dated into the Late Bronze Age (Garner, 2015).  
The stark contrast between Europe and regions to the east, with respect to evidence of mining, 
almost certainly is a result of contrasting mining practices. Tin may be mined either from its bedrock 
source, or from the products of erosion of these primary ores that accumulate in river or beach gravels 
(i.e., placer deposits). Unlike temperate Europe, the arid climate of Turkey, Iran, and Central Asia are 
associated with limited erosion and transport of weathered cassiterite mineralization, resulting in poor 
development potential for placer tin. Compared to bedrock mining, placer extraction requires far less 
effort and fewer resources. Unfortunately, placer mining leaves only ephemeral scars on the landscape in 
dynamic fluvial environments which are rapidly erased by subsequent erosion and deposition. 
Furthermore, while bedrock mining requires durable stone or antler tools, sluicing of placers requires only 
tools of wood and animal hide that would be unlikely to be preserved in the archaeological record 
(Tolksdorf et al., 2019). Correlation of Bronze Age archaeological sites with occurrences of fluvial tin 
placers in the Erzgebirge region and western Serbia support the hypothesis that placer tin mining was 
prevalent in Europe (Bouzek et al., 1989; Huska et al., 2014). In addition, a recent multi-method 
geoarchaeological study concluded that small-scale extraction of weathered granite by washing/sluicing 
occurred at a site near Altenberg (eastern Erzgebirge) between 1900 and 1400 BC (Early to Middle Bronze 
Age) (Tolksdorf et al., 2019). Given that traditional archaeological approaches are problematic for the 
study of tin mining in prehistoric Europe, scientists have recently focused on Sn isotopes as a means to 
provenance tin.  
 
History of Analysis 
Tin has 10 stable isotopes that cover a range of 12 amu (112Sn – 124Sn). Budd et al. (1995) was the 
first to suggest the applicability of Sn isotopes in archaeological studies. They suggested that if melting of 
bronze results in fractionation of Sn isotope compositions then these isotopes might be used as tracers to 
detect recycling. Gale (1997) investigated these hypotheses using thermal ionization mass spectrometry 
(TIMS), but found no statistically significant isotopic fractionation in the ratio 122Sn/116Sn, in part due to 
large error ranges. Even with a double spike and ionization enhancer to improve stabilization of ion beams 
and correction for mass fractionation, variations were indistinguishable from the analytical error when 
determined by TIMS (Clayton et al., 2002). The high ionization of Sn (7.3eV) results in poor beam 
intensities and unstable ionization, thereby reducing analytical precision of Sn isotopic analysis using TIMS 
(De Laeter and Jeffrey, 1965, 1967; McNaughton and Loss, 1990; McNaughton and Rosman, 1991; Clayton 
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et al., 2002). Additional complications included: (1) potential isobaric interference of the low abundance 
isotopes 112Sn, 114Sn, and 115Sn by 112Cd, 114Cd, and 115In; (2) poor reproducibility of low-abundance 
isotopes; and (3) instrumental mass fractionation (Clayton et al., 2002). 
 Several studies have since investigated the use of Sn isotope values for solving archaeological 
problems using multicollector-inductively coupled plasma mass spectrometry (MC-ICP-MS). The high 
ionization efficiency of MC-ICP-MS allows for the analysis of high ionization potential elements, such as 
tin. Several studies using MC-ICP-MS have yielded small but detectable variations in the isotopic 
composition of tin in bronze and cassiterite (Clayton et al., 2002; Haustein et al., 2010; Nickel et al., 2011; 
Balliana et al., 2013; and Yamazaki et al., 2013). So far, the datasets produced have been numerically 
and/or geographically limited, and have reached varying conclusions as to the viability of defining bronze 
groupings based on tin isotopes. Furthermore, each of the prior studies employed a different Sn standard, 
and presented their results using different isotopic ratios, thereby making comparison between studies 
impossible. 
Using TIMS, Begemann et al. (1999) determined that bronzes from the Mediterranean region 
were isotopically distinguishable from those of Central Europe. Haustein et al. (2010) measured the Sn 
isotopic composition of the Sky Disc of Nebra by MC-ICP-MS and concluded that the tin in this object 
originated from the cassiterite ores of Cornwall, rather than the closer ores of the Erzgebirge. Yamazaki 
et al. (2014) analyzed six bronzes from two sites in China. The results of this study showed little variation 
in the Sn isotopic composition of the bronzes (0.4 ‰ in δ124Sn/120Sn with error ranges of approximately 
+/- 0.1‰), and so concluded that the application of Sn isotope values to bronze provenance studies and 
differentiation of bronze groupings is of limited use. 
In a bronze isotope composition study of 32 artifacts from pre-Roman and Roman archaeological 
sites in northern Spain, a considerably larger range in Sn isotopic composition (approximately 1.4‰ in 
δ124Sn with error ranges of approximately 0.15‰) was observed. However, all samples in this study 
clustered without any evident subgroups. Balliana et al. (2013) suggested that the lack of distinct 
compositions in their study could indicate a single tin source due to the limited geographic variation of 
the analyzed artifacts. They concluded that further testing of the feasibility of tin ore provenancing 
through isotope analysis was required. Larger sample sets that are more geographically diverse are 
necessary to test the feasibility of differentiating populations of bronze artifacts based on the isotopic 
composition of tin. Accordingly, we report the largest published dataset to date of Sn-isotopic 
compositions of Bronze Age artifacts (338) from Central Europe through the Central Balkans.   
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Archaeological Context 
The Bronze Age of Europe (ca. 3000-1200 BCE) is a period of increasing complexity and change, 
especially in the second millennium BCE, the latter part of the Bronze Age in southeastern Europe 
(Harding, 2000). Wheeled vehicles become common (Piggott, 1992), animal traction and plows increase 
transport and agricultural efficiency (Sherratt, 1981), polities become generally larger and less nucleated 
(Bankoff, 2004).  Tumulus (mound) graves spread, many of them with weapons as grave goods which may 
betoken a clearer distinction between commoner and elite status (Sherratt, 2004; Kienlin, 2012).  A new 
material, tin-bronze (alloy ~90% copper and ~10%  tin),  is  used  in  ever-greater   quantities  for  weapons,  
tools,  and ornaments. Exchange networks, both long-established and newly forged, expand to carry the 
new products and the raw materials necessary for maintenance of Bronze Age life. Distinctive ceramic 
styles and metal artifact types define areas of more intense local interaction, including the later Bronze 
Age cultures of Vatin/Belegiš I of the Vojvodina and west Serbia, Žuto Brdo along the middle Danube River, 
and Paraćin along the lower Morava River (Garašanin, 1983a-h; Tasić, 1984, 2001) (Fig. 2). 
 
 
Fig. 2. Location of key geographic and geological sites. A) Geographic regions and features with mountainous regions shaded in 
grey; B) Sampled archaeological sites (black squares) and known tin occurrences (circles).  
 
Serbia was chosen for investigation because of its crossroads location and the known presence of 
cassiterite in the form of placer deposits (Tomić, 1991; Durman, 1997; Huska et al., 2014), as well as its 
rich Bronze Age remains (Garašanin, 1983a-h). In fact, the earliest evidence of tin-bronze metallurgy has 
been dated to be mid-5th millennium BCE, and suggests local exploitation and use of Sn-bearing copper 
deposits (Radivojević et al., 2013). Geographically, the Sn-bearing region of Serbia is situated in 
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mountainous west and central Serbia (Fig. 2b), but adjacent to the plains of the Vojvodina (Banat, Bačka, 
Srem), an extension of the Great Hungarian (Pannonian) Plain to the north (Fig. 2a). Both riverine and 
overland connections from this region allow for movement of material and people down the Drina, Sava 
and Danube rivers and thence north toward Hungary, east along the Danube toward the Black Sea, and 
south up the Morava toward the Aegean (Bankoff, 1976, 1977) (Fig. 2a). Thus, it is possible that tin from 
the ores of west Serbia could have been distributed widely over a large, comparatively flat area, occupied 
in the later Bronze Age by people using related, but locally distinct, ceramic styles (Bankoff, 2004). 
In addition, the presence of tin mineralization has been noted in the Apuseni Mountains of 
western Romania (Tatu, 1992), just to the east of the Banat region of the Vojvodina in Serbia (Fig. 2a). 
Further away, large tin deposits occur in the Erzgebirge on the German-Czech border, approximately 800 
km to the northwest. The occurrence of a Bronze Age camp adjacent to a tin-placer stream has been cited 
as evidence for prehistoric mining of this deposit (Bouzek et al., 1989).  It is possible that tin from any, or 
all, of these three sources could have been utilized in the Bronze Age of the Pannonian Plain. Accordingly, 
Serbia is well-suited for testing the feasibility of isotopically characterizing and differentiating bronzes 
containing tin from different ore sources. 
 
Provenancing Limitations 
Tin isotopy is still a nascent science with only 30 or so studies published since 1984, over half of 
which have been published in the past three years. This recent acceleration of research into the nature of 
Sn fractionation in both geological and archaeological materials has led to the establishment of a rapidly 
expanding database of ore and artifact signatures.  
Despite its promise, several potential limitations to Sn isotope-based provenancing have been 
identified. Large ranges of Sn isotope composition of ore samples within individual deposits/camps result 
in substantial overlaps between ore-bearing localities. For example, several studies have documented the 
extensive overlap between the isotopic signatures of the ores of Cornwall and Erzgebirge (Haustein et al., 
2010; Berger et al., 2019; Nessel et al., 2019), leading some researchers to conclude that Sn isotopes 
cannot be used to distinguish between these two major regions reliably (e.g., Nessel et al., 2019). In 
addition, experimental studies suggest that significant fractionation may be induced during the smelting 
process, which could impart a mismatch between an artifact and its source ore (Berger et al., 2018). 
Finally, the number of potential prehistoric tin sources have been underestimated substantially by the 
exclusion of small tin deposits that have been overlooked by the geological literature due to their current 
sub-economic status (e.g., Huska et al., 2014). 
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Consequently, scientists are looking for additional independent indicators to be used in 
conjunction with Sn isotope signatures to better target correlations. For example, Berger et al. (2019) 
used Pb model ages and trace element profiles to determine the provenance of pure tin artifacts (ingots). 
Unfortunately, such an approach cannot be applied to bronze artifacts, the Pb signature of which is 
dominated by its copper content. Accordingly, this study takes a different multi-variable approach, in that 
it correlates variations in predominant isotopic composition of artifacts with geographic clustering. This 
allows for the definition of targeting vectors displayed by populations of artifacts across a region with a 
limited number of potential ore sources.  
 
Limitations of the Methods for Preparation of Cassiterite for Isotopic Analysis 
The method for digestion, purification and analysis of tin in bronze has been well established and 
tested (Haustein et al., 2010; Balliana et al., 2013; Yamazaki et al., 2013) (See section 3.1.2 for detailed 
method description). However, cassiterite is resistant to attack from most acids, including HCl, HF, and 
aqua regia, so simple dissolution is challenging (Haustein et al., 2010; Yamakazi et al., 2013). Furthermore, 
tin has a low melting temperature (231.9°C), and under oxidizing conditions oxides of Sn evaporate at a 
noticeable rate at temperatures >1225°C (Kazenas et al., 1996; Zimmermann et al., 1996). Evaporative 
loss of Sn may result in isotopic fractionation of the residual tin sample. Thus, producing a tin solution 
from cassiterite without inducing isotopic fractionation is problematic. Three methods for cassiterite 
preparation for isotopic analysis have been described: (1) induction-furnace reduction with graphite at 
1200°C; (2) furnace reduction with potassium cyanide (KCN) at 800 °C; and, (3) reduction and dissolution 
using hydroiodic acid (HI). Comparative analysis of the benefits and problems associated with these three 
methods is lacking, and experimental work is necessary to determine the best approach for cassiterite 
preparation. 
An RF induction furnace is a rare and specialized piece of equipment that lacks broad application 
in petrological laboratories. Numerous inquiries were unable to locate a facility with an available RF 
induction furnace. Accordingly, this method has limited potential for broad adoption in the 
geoarchaeological community, and so the effectiveness of this method will not be investigated in this 
study. 
The KCN method as described in Haustein et al. (2010) excludes information such as the starting 
mass of cassiterite, ratio of KCN to cassiterite, and duration of heating. Although they did conduct limited 
experimentation to determine that no isotopic fractionation of tin occurs at 800°C, this conclusion must 
be confirmed before this method can be adopted in any research project. In addition, the published 
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method lacks critical details such as duration of heating, mass of cassiterite and the corresponding mass 
of KCN.  
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Chapter 2: Preparation and Measurement of Cassiterite for Sn Isotope Analysis 
 
Increased interest in the fractionation of Sn isotopes has led to the development of several 
techniques for preparing cassiterite for isotopic analysis. Two distinct methods have been applied in 
recent isotopic studies of cassiterite: (a) reduction to tin metal with potassium cyanide (KCN) at high 
temperature (800 ℃), with subsequent dissolution in HCl, and (b) reduction to a Sn solution with 
hydroiodic acid (HI) at low temperature (100 ℃).  
This study compares the KCN and HI-based techniques as a means to optimize the best technique 
with regard to ease of preparation and avoidance of fractionation of Sn during cassiterite mineral 
preparation. Additionally, the need for antimony doping for measuring Sn isotope compositions on the 
MC-ICP-MS to control mass bias is confirmed (Clayton et al., 2002).  
 
Methods Description 
Furnace Reduction of Cassiterite 
McNaughton and Rosman (1991) reduced cassiterite to tin metal using ultrapure graphite at high 
temperatures of about 1200°C. Powdered cassiterite was covered with graphite powder in a degassed 
graphite crucible in a radio frequency induction furnace run at 1 KW power for 2 minutes at a crucible 
temperature below white heat. Although no isotopic fractionation was documented by McNaughton and 
Rosman (1991), the working temperature has been shown to have the potential for significant evaporative 
tin loss (Kazenas et al., 1996; Zimmermann et al., 1996), which could induce isotopic fractionation. Given 
the rarity and cost of such high-frequency induction furnaces, this method has limited potential for broad 
adoption.  
Haustein et al. (2010) proposed an alternative reduction method employing KCN (potassium 
cyanide), a stronger reducing agent, in graphite crucibles at a significantly lower temperature of 800°C. 
However, testing to determine if fractionation occurred during the reduction procedure was limited. 
Further experimentation is required to establish a full method that results in complete reduction of 
cassiterite, and to confirm that no reduction-induced isotopic fractionation is associated with this method 
before it can be adopted and applied. 
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Dissolution of Cassiterite Using Hydroiodic Acid (HI) 
An alternative to high-temperature furnace-based cassiterite reduction was proposed by 
Yamazaki et al. (2013). They used HI as a strong reducing agent at low temperatures (100°C). In the 
method proposed by Yamazaki et al. (2013)  1 mg of powdered was placed in a 3mL PFA vial, 0.3mL of HI 
was added. The vial was capped and placed in an A255AC Teflon liner with 1 mL of Milli-Q water to balance 
the internal pressure between the Teflon liner and the PFA vial. The liner was inserted into a digestion 
bomb (Parr 4745). The bomb was then heated in an oven at 100°C for 24 hours. The sample was then 
dried at 80°C and the residue was leached with 0.6 mL of 1M HCl. The procedure was repeated up to four 
times, until the sample was completely dissolved.  
Preliminary experiments using the HI dissolution method in Yamazaki et al. (2013) in this study 
have yielded unusually low Sn yields after full digestion (i.e., no solid residue). It is interesting to note that 
Yamazaki et al. (2013) did not document Sn yields. Any loss of Sn is potentially problematic in that the 
mechanism of loss may induce isotopic fractionation. Thus, experiments must be conducted to determine 
the means by which Sn is lost during HI-based reduction. Possible explanations for the observed Sn loss 
are: 1) re-oxidation and precipitation of Sn from solution, but no cloudiness, crystallization, or coating has 
been noted; or 2) over reduction of Sn resulting in the formation of stannane gas (SnH4), as has been 
described by Beach (1992).  
  
Preparation of cassiterite experiments 
KCN reduction experimental setup: 
This process is based on the method that was incompletely described by Haustein et al. (2010).  
Tin metal was produced by reduction of a crushed and powdered (-100 mesh) cassiterite from Horni 
Slavkov, Czech Republic. The method was also performed on Sn metal powder (Sigma Aldrich 265640, 
<150 μm, 99.5% trace metals basis) so that we could determine if the KCN (Sigma Aldrich 31252) reduction 
process induced fractionation of tin metal.   
The masses of starting cassiterite and Sn metal were recorded. For each run, between 0.2-0.3 g 
of cassiterite and metal powder was loaded into a 5ml graphite crucible which had been degassed at 105°C 
for one hour. The crucible was capped with a porcelain lid and placed inside of a lidded 20ml high form 
high alumina crucible. The amount of KCN flux to cassiterite was added at 2:1, 4:1, 6:1 and 8:1.  Multiple 
crucibles were made at each proportion and extracted from the furnace at different heating times from 
20 to 120 minutes. After the experiment was terminated, the Sn metal beads were washed to remove the 
carbon residue. Metal pellets, which ranged from 3 millimeter to less than 1 millimeter diameter sized 
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material, were weighed. The yields for the experiment were calculated by dividing the resulting tin mass 
by the initial tin mass. Yield calculations varied significantly, in part due to loss of very fine-grained beads 
during the washing process, and adherence of some tin metal to the graphite crucible.   
The recovered Sn beads were used for Sn isotope analysis. The Sn metal was dissolved in 6ml of 
ultrapur 11.8M HCl (double distilled in house) plus 0.1ml of ultrapur 29M HF (Sigma Aldrich 43319 for 
ultratrace analysis, 47-51%). The solutions were inspected for residual solids which would indicate 
incomplete reduction of cassiterite. A small aliquot of the solution was used for ion exchange 
chromatography. 
 
Hydriodic acid digestions: 
This process is identical to that reported by Yamazaki et al. (2013), in which 1 mg of powdered 
cassiterite was placed in a 3ml Savillex PFA vial with 0.3 ml of HI (Sigma Aldrich 210013; No stabilizer, 
distilled, 57 wt. % in H2O, 99.99% trace metals basis). The vial was placed in a Paar bomb and heated to 
100°C for 24 hours. The HI was then evaporated at 100°C, and the residue was dissolved in 0.6 ml 1M HCl. 
If the cassiterite charge was not fully dissolved, the process was repeated up to four times. We were 
unable to obtain >5% yield for any of these experiments (more than 30 runs). Accordingly, almost all runs 
yielded an insufficient amount of Sn for ion exchange chromatography and measurement on the 
multicollector ICP-MS. 
The low Sn yields are perplexing, given that there was full dissolution of cassiterite, the solution 
remained clear, and no precipitate was noted. Due to this failure, we explored potential pathways by 
which Sn may have been volatilized. The generation of gaseous stannane (SnH4) by NaBH4 reduction in 
acidic solution is a method applied to the analysis of Sn concentrations by means of atomic absorption 
spectroscopy (Beach 1992). Analogously, HI, being both a strong reducing agent and an acid, might 
generate SnH4 in reaction with cassiterite or dissolved Sn ions. To test this hypothesis we designed several 
distillation experiments.   
Approximately 0.2g of cassiterite was loaded into two 60ml Teflon beakers that contained 6ml of 
HI, pure HI (Sigma Aldrich 210013) in one, and HI stabilized with ≤1.5% hypophosphorous acid (Sigma 
Aldrich 210021) in the second. A two-way inlet system was placed at the top of the distillation beaker 
through which nitrogen gas was bled through a ¼ inch teflon tube. The gases from the experiment exited 
the other port of the distillation beaker. These gases traveled through a ¼ inch teflon tube into a test tube 
containing 6ml of NaOH solution. Stannane is an unstable compound and readily decomposes, especially 
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in the absence of oxygen (Ugur et al., 2012). Tin from the decomposition of stannane can be trapped 
effectively by reaction with an NaOH solution to form soluble Na2Sn(OH)6 (sodium stannate).  
The experiment was run using both 1M and 3M NaOH (solutions made with NaOH BioXtra, >98% 
anhydrous pellets plus 18 MQ water). To aid the trapping of volatilized Sn, the trap was kept in ice water 
throughout the experiment. The 60ml Teflon beakers were inserted into an aluminum block and placed 
on a hot plate. The use of an aluminum block ensures that the temperature of the solution can be 
monitored and held constant. The temperature of the experiment was kept at 100°C, in keeping with the 
temperature associated with the cassiterite reduction methodology of Yamazaki et al (2013). Once the 
apparatus attained 100°C, the experiment was timed and 1ml of NaOH was sampled from the trap at 15, 
30, 60, 120, and 240 minutes. The extracted NaOH solutions were dried in 60ml teflon jars, and redissolved 
in 1M HCl for ion exchange chromatography.  
 
The measurement of Sn isotope composition and errors of measurement 
The Sn beads derived from the KCN, HI, and pure metal sample were dissolved in 15ml teflon jars 
containing 5ml of 11.8M HCl for a minimum of four hours at 100°C. An aliquot of this solution was dried 
and re-dissolved in 1M HCl before placing on resin. Purified Sn solutions were obtained by means of ion 
exchange chromatography, using the method defined by Balliana et al. (2013), who fully defined the 
protocol. The ion exchange chromatography eliminates isobars for the Sn masses presented here (116Cd, 
120Te, 122Te, 124Te) (Haustein et al. 2010; Balliana et al. 2013; Yamazaki et al. 2013). The solutions were 
purified using 0.3ml of wet Tru Spec resin loaded into 2ml BioRad plastic ion exchange chromatography 
columns. The final eluent resulted in 20ml 1M HNO3 (double distilled in house) solutions to which 0.2ml 
of 29M HF was added to prevent oxidation and precipitation of Sn. This addition of slightly more HF to the 
final step is the only change made to the protocol in Balliana et al. (2013). A small aliquot of the each 
purified solution was diluted with 0.3M nitric acid and entered into a multicollector ICP-MS as 0.3M nitric 
acid with a trace of HF.  
Mass bias for metals isotope analysis can be corrected for in various manners. Most popular 
methods use a dopant element that has a similar ionization potential for the metal of interest or a double 
spike for the element of interest (Albarede and Beard, 2004; Albarede et al., 2004). In this instance we 
use the former, where Sb has a similar ionization potential and has masses that are near Sn (Clayton et al. 
2002).  Equally important, the reduction of the data without Sb correction produces larger uncertainty for 
the variation of the standard through the measurement session (on the order of 0.3‰ for 124Sn/116Sn 
rather than the 0.08‰ reported below). Thus, Sn isotope values are corrected using Sb and also bracketed 
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by standards as discussed in Mason et al. (2016). Since no international isotope standard exists for either 
element, NIST 3161a (Lot number 07033) was used for Sn and High-Purity ICP-MS Sb standard 10 2-3 
(10µg/ml in 2% nitric and trace HF) was used as a dopant.   
Measurements were completed on two different multicollector ICP-MS units, the Neptune at 
Rutgers University and the Isoprobe at The University of Arizona. The Sn metal experiments were 
measured on the Neptune and the cassiterite experiments were measured on the Isoprobe. The dissolved 
unprocessed metal was measured at both locations. The Neptune at Rutgers was setup using the 
parameters defined by Balliana et al. 2013. For the Isoprobe, aqueous sample introduction into the plasma 
was achieved by free aspiration using a microconcentric borosilicate glass nebulizer. Sample uptake rate 
was approximately 100-150 µL/min. Solutions were kept at 150ppb, which generated a 3-4V signal 
intensity for 120Sn. The cups were arranged with 119Sn on the axial mass. The remaining mass positions 
were as follows; 116Sn on low 3, 117Sn on low 2, 120Sn on H1, 121Sb on H2, 122Sn on H3, 123Sb on H4, and 124Sn 
on H5. The instrument interface was fitted with Ni sample and skimmer cones.  The argon gas flow rate 
of the hexapole collision cell on the Isoprobe was set at 2.5 ml/min-1.   
Rinse times between samples for both instruments was approximately 2-3 minutes. Background 
intensity for 120Sn ranged from 0.8-1 millivolt. On-peak blank subtraction was applied to each 
measurement. Sample measurement consisted of one block of thirty 10 second integration 
measurements. The intensity of the unknowns matched the signal intensity of the bracketing standard 
within 20%. Measuring the standard between a 2-5V signal on 120Sn did not produce errors larger than 
reported. Duplicate measurements overlapped within errors discussed below. Different Sn isotope  values 
have been presented in the literature to date.  Remaining consistent with Balliana et al. (2013), Yamazaki 
et al. (2013), and Mason et al. (2016) the 120Sn/116Sn and 124Sn/116Sn values are presented based on the 
following equation: 
 
 
Errors for the analyses can be estimated by considering the short-term instrument repeatability, 
the longer-term repeatability measuring the same sample multiple times on the instrument and the 
variability from the KCN sample processing. The short-term instrument repeatability for both instru- 
ments, of thirty replicate measurements, was less than 0.003‰ (1s) and is not considered a significant 
source of error. The longer-term repeatability of measuring the same sample multiple times was 
13 
 
estimated from three measurement sessions on each instrument. The longer-term repeatability of the 
NIST SRM 3161a reference material was δ120Sn = ± 0.016‰ (1s) and the δ124Sn = ± 0.035‰ (1s), 
considering all measurement sessions on both ICP-MS instruments (n = 74). The repeatability of the whole 
procedure can also be assessed since the same cassiterite and metal were measured multiple times in the 
KCN sample preparation experiments. Of the twenty total cassiterite measurements (measured on the 
Isoprobe ICP-MS), processed at proportions of KCN to cassiterite ≥ 4:1 and extracted for 40 min or longer, 
δ120Sn = 0.15 ± 0.04‰ (1s) and δ124Sn = 0.28 ± 0.08‰ (1s), shown as grey bars in Figures 3 and 4. Of the 
fifteen total metal measurements (measured on the Neptune ICP-MS) processed at proportions of KCN to 
metal ≥ 4:1, the δ120Sn = 0.13 ± 0.03‰ (1s) and δ124Sn = 0.26 ± 0.07‰ (1s), shown as a grey bar in Figure 
3. Thus, the procedural repeatability is larger than the repeatability of the instrument, and we consider 
the procedural repeatability as the best estimate of uncertainty for the cassiterite and metal samples 
processed with KCN. Thus, a conservative estimate of uncertainty for all measurements is δ120Sn = 0.04‰ 
and δ124Sn = 0.08‰ (0.1‰ per mass unit range) which considers both instrumentation and experimental 
error. 
 
Fig. 3. Comparison of the δ124Sn value for different flux: mineral ratios of the KCN experiments. Flux: mineral ratios less than 4:1 
do not produce consistent Sn isotope values. The grey bar indicates the mean and 1 s (0.28 ± 0.08) of analyses of cassiterite 
with ≥ 4:1 flux:mineral.  
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Fig. 4. Amount of Sn yielded from the KCN does not relate to the δ124Sn values of the experiments. The grey bar indicates the 
mean and 1 s (0.28 ± 0.08) of analyses of cassiterite with ≥ 4:1 flux:mineral.  
 
To cross-calibrate between the laboratories, the unprocessed Sn metal was measured on both 
multi-collector ICP- MS instruments; on the Neptune, δ120Sn = 0.11 ± 0.015‰ (1 s, n = 3) and δ124Sn = 0.21 
± 0.03‰ (1 s, n = 3), while on the Isoprobe, δ120Sn = 0.09 ± 0.02‰, (1 s, n = 4) and δ124Sn = 0.18 ± 0.04‰ 
(1 s, n = 4). Therefore, any bias between the two instruments falls well within the conservative error 
estimate (δ120Sn = 0.04‰ and δ124Sn = 0.08‰). 
 
Results and Discussion 
KCN Experiments: 
The first objective of the experiments was to constrain two key methodological variables: 1) the 
mass ratio between sample and flux to effectively reduce cassiterite; and 2) the time required for 
complete cassiterite reduction to Sn metal. In addition, the potential dependence of Sn isotope results on 
tin yield was examined. The results for the KCN experiments are in tables 1 and 2 (A.1, A.2); and plotted 
in Figures 3 and 4. As seen in the figures, there is no relationship between the Sn isotope values and tin 
yield from the experiments. Minor amounts of cassiterite residue were noted in runs with less than 40-
minute heating times. Therefore, a minimum of 40 minutes is required to ensure complete reduction of 
the cassiterite powder at 800°C. 
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The mass ratio of flux to sample affected the data to some degree.  A simple comparison of the 
mean values and related 1 sigma errors reveals that a flux of 2:1 produces inconsistent (less precise) Sn 
isotope values (Table 2, A.2).  The experiments of fluxes ≥ 4:1 produce consistent values with lower 1 
sigma errors.  The grey bar in Figures 3 and 4 represents the most precise and accurate value (120Sn= 
0.15‰ ±0.04 (1) and 124Sn= 0.28‰ ± 0.08 (1)) obtained in this study, with the range representing the total 
procedural error deduced from 20 different experiments. Thus, the most consistent and accurate value 
using this method of KCN reduction can be obtained using ≥ 4:1 flux over a minimum time interval of 
greater than 40 minutes at 800°C. Note that the potassium cyanate (KOCN) produced during the reaction 
boils at 700°C, and so higher flux ratios commonly lead to spill-over of non-toxic KOCN which crystallizes 
within the high-alumina crucible upon cooling. Although this did not affect the isotopic composition of 
the tin regulus, it did impede sample extraction and crucible cleaning. Accordingly, a ratio of between 4:1 
and 6:1 is recommended. 
The second objective is to assess the potential for Sn isotopes to fractionate during evaporation 
during the high temperatures of the reduction. Tin yields from cassiterite reductions ranged from 
approximately 70-95%, and yields from heating of tin metal powders were all >90%. Importantly, the Sn 
isotope values obtained for the metals 
during the KCN reduction do not show 
any measurable difference with the 
values obtained from simple dissolution. 
The grey bar in Figure 5 shows that δ124Sn 
for the dissolved metal is coincident with 
δ124Sn for the metal taken through the 
KCN reduction process.  Therefore, if Sn 
fractionates due to evaporative loss 
during the process of high temperature 
KCN reduction, it is insignificant, and well 
within the range of experimental error. 
 
Fig. 5. δ124Sn values for the metal KCN reduction experiments shows that Sn isotopes do not fractionate by evaporation at 800°C 
in this experimental set-up. The grey bar indicates mean and 1 s (0.26 ± 0.07) for tin metal analyses. 
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Hydriodic distillation experiments: 
The distillation led to the volatilization of Sn. As seen in Table 3 (A.3), the total percentage of Sn 
captured in NaOH solution (Sn in NaOH / Sn from cassiterite added for distillation) ranges from 0.002 to 
3%.  This observation proves that Sn can be volatilized by HI, most likely in the form of SnH4, during the 
low-temperature reduction of cassiterite processed via the method of Yamazaki et al. (2013). This 
observation also explains the substantial Sn loss noted during the HI reductions attempted in this 
contribution. 
The type of HI used and the normality of NaOH trap affect the release the volatile SnH4 and the 
acquisition of Na2Sn(OH)6 in this experiment. Stabilized HI clearly yields greater amounts of Sn in the NaOH 
traps. A higher normality of NaOH promotes the capture of Sn from the decomposition of stannane in the 
trapping solution.  To mimic the < 5% yield of Sn observed in HI reduction experiments, the duration would 
have needed to be on the order of 10 hours or greater. Given that the procedure defined by Yamazaki et 
al. (2013) has a duration of 24 to 96 hours, such low yields are to be expected. 
The loss of Sn does not necessarily preclude the ability of the HI digestion process to produce 
meaningful isotopic results. To test the ability of the distillation process to fractionate the Sn isotopes 
during volatilization, the Sn isotope composition of NaOH was measured. As seen in Figure 6, the Sn 
isotope composition of the trapped Sn does not match the Sn isotope composition of the cassiterite 
routinely. This implies that any volatilization of Sn during the HI reduction could result in a Sn solution 
that does not preserve the initial Sn isotope composition of the cassiterite. One experimental cassiterite 
reduction with unstabilized HI, and which yielded 5% of the expected Sn, was dried down in its entirety, 
redigested and purified using the ion exchange chromatography of Balliana et al. (2013), and the resulting 
solution analyzed by the multicollector ICP-MS. This sample yielded an isotopic composition of δ120Sn 
=0.24 and δ124Sn =0.45, significantly heavier than the average value returned from KCN reduction of the 
same cassiterite crystal (δ120Sn = 0.15‰ ±0.04 (1σ) and δ124Sn = 0.28‰ ±0.08 (1σ)). The results 
demonstrate that reduction with the HI method can produce unreliable Sn isotope results, and may 
account for the isotopic shifts noted by Yamazaki et al. (2013).   
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Fig. 6. 𝜹124Sn values values for volatilized Sn in the distillation experiments.  The grey bar indicates the known starting 
value of the cassiterite.  Regardless of the normality of the NaOH used to trap the Sn, type of HI used, or the time during 
the distillation, volatilized Sn during dissolution has different 124Sn values than the starting material from which it was 
derived. 
 
The fractionation observed in these experiments is the first experimentally induced fractionation 
of Sn (0.38‰ per mass unit) beyond the range of experimental error presented in the literature (0.03‰ 
per mass unit, Haustein et al. 2010; up to 0.08% per mass unit, Balliana et al. 2013). There was no 
predictable relationship between Sn concentration and isotopic fractionation and so the data could not 
be modelled. The reason for the reactions behaving in this manner is likely related to the kinetics of Sn 
isotope fractionation during volatilization before equilibrium is reached, as is common for geological 
reactions (Stumm and Morgan, 1996). To date, only studies of bond strength and fractionation exist 
(Polyakov et al., 2005) and cannot easily be applied to this observation. However, this observation is of 
great significance to the study of Sn isotope fractionation in nature. Currently, Clayton et al. (2002) 
demonstrated a 0.13‰ per mass unit variation in cassiterite, Yamazaki et al. (2013) shows a 0.19 ‰ per 
mass unit variation (18 samples from Asia), and Haustein et al. (2010) report a range of 0.51‰ per mass 
unit variation in Sn in cassiterite (80 samples from Europe).  Given that Sn fractionation at nearly 0.38‰ 
per mass unit can be induced by the production of a volatile during cassiterite dissolution at a geologically 
low-temperature, it is likely that significant degrees of Sn isotope fractionation could occur in nature and 
be utilized to understand Earth processes. 
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Conclusions 
The most robust method for preparing cassiterite is via the Haustein et al. (2010) method with a 
flux to sample ratio of between 4:1 and 6:1 for a duration of 40 minutes or more. The HI method proposed 
by Yamazaki et al. (2013) can produce unreliable results because Sn may fractionate as a volatile during 
the HI reduction process and this method is not recommended for the preparation of cassiterite for 
isotopic analysis. The laboratory induced fractionation observed here (up to 0.35‰ per mass unit) 
suggests that Sn isotope fractionation can span a range greater than previously recorded in the literature. 
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Chapter 3: Provenancing of Tin in the Late Bronze Age Balkans  
 
Isotopic analysis has grown in popularity as a means of providing “fingerprints” of bronze artifacts 
that can be matched to their parental ore sources. We report the largest published dataset to date of Sn-
isotopic compositions of Bronze Age artifacts (338) along with 150 cassiterite samples (75 new) from six 
potential tin ore sources from which the tin in these artifacts were thought to have likely originated. The 
artifacts are from a broad area, Central Europe through the Central Balkans, and the six tin sources are 
Cornwall, three sites in the Erzgebirge, and two sites in Serbia. A clustering analysis on mean site-level 
isotopic values of δ124Sn identifies regional variation that can be attributed to the use of different tin ore 
sources in different regions. Therefore, geographically meaningful regions were identified to group the 
Bronze Age artifact assemblages and a probabilistic, Bayesian analysis was performed to determine the 
proportional contribution of each tin source to each regional assemblage.  
 
Sampling and Analytical Methods 
Bronze Artifacts 
Samples from a total of 338 bronze artifacts from 115 archaeological sites were obtained from 
museum collections across the Central Balkans (Bosnia and Herzegovina, Bulgaria, Romania, Serbia), and 
Central Europe (Austria, Czechia, Hungary) (Fig. 7, Table 4, B.1) under the guidance and supervision of 
collection curators. Prior to sampling, tin bronze compositions of the artifacts were confirmed using an 
Olympus Innov-X Delta Classic DC-4000 (with 3-Beam Soil software) portable X-ray fluorescence (pXRF) 
hand-held apparatus with a tin detection limit of 150 ppm. Samples consisted either of fragments (0.1-1g) 
cut from each artifact with a boron nitride cutting wheel, or a powder (0.02-0.05g) ground with a diamond 
burr. Patina was first removed from each sample by abrasion with a diamond burr. Tin content of the 
unweathered metal of each sample fragment was determined subsequently by EDS-SEM analysis (Zeiss 
EVO 60 EP-SEM, Microscopy and Imaging Facility, American Museum of Natural History). Approximately 
0.02-0.1g of each bronze sample was digested in ultrapure aqua regia (3ml HCl, 1ml HNO3) to which 0.02ml 
HF was added. Samples were heated at 90°C for 6 hours in enclosed Teflon containers.  
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Fig. 7. Archaeological sites from which artifacts were obtained 
 
Preparation of bronze artifacts 
Bronze samples were polished and cleaned with a diamond Dremel burr. A fragment of 
approximately 0.2g was cut with a Dremel cutting wheel, washed in deionized water, and weighed before 
digestion in 5 mL of aqua regia, a 1:3 mixture of 14 M HNO3 and 12 M HCl. Samples were digested in closed 
screw-top Savillex PFA beakers and heated on a hot plate at 90-100°C for 5 hours. 
Prior to tin isotopic analysis, a selective separation of tin from other elements must be done to 
avoid isobaric interferences at 112Cd, 114Cd, 115In, 120Te, 122Te, and 124Te (Clayton et al., 2002; Haustein et 
al., 2010; Balliana et al., 2013). The chromatographic extraction material, TRU-Spec resin from Eichrom 
Industries Inc., is the most suitable for separation due to large partition coefficients for some actinides 
including Sn in HCl. The ability of Sn to be retained on the column decreases in HNO3, thus, while 
interfering elements are released (Cd, In, and Te) in a first elution phase of HCl, Sn is collected when the 
column is flushed with HNO3 (Balliana et al., 2013; Yamazaki et al., 2014). 
Two resin purification procedures have been proposed for Sn, varying principally on the molarity 
of the HCl used to elute the sample. Yamazaki et al. (2013) documented that their column chemistry 
resulted in significant isotopic shift of Sn (δ124Sn/120Sn of approximately -0.6‰), whereas no on-column 
isotope fractionation occurred in the method proposed by Balliana et al. (2013). Accordingly, the method 
outlined by Balliana et al. (2013) is adopted here, and described below. 
21 
 
The TRU-Spec resin was pre-cleaned and decanted 10 times in 20% Ultrapur nitric acid.  The 
decanting process eliminated supernatant particles. Next, 0.3ml of resin was loaded into Bio-Rad 2ml 
plastic polyprep columns and rinsed three times by alternately passing fractions of 5 mL of 0.4 M HNO3 
and 5 mL of Milli-Q water. The column was then conditioned with 5 ml of 1M HCl. Meanwhile, the bronze 
digests were evaporated to dryness at 70°C and an aliquot was returned into solution with 1M HCl. Of the 
new solution, 2 ml were taken to load the columns. The matrix was cleaned with 10 ml of 1M HCl, followed 
by a purified Sn collection with 20 mL of 1M HNO3. A small amount of concentrated Ultrapur HF (10 µL) 
was added to the Sn fraction in order to prevent the reoxidation of tin. Lastly, these fractions were diluted 
to a final concentration of 1 mgL-1 of Sn with an appropriate volume of 0.4 M HNO3 and were doped with 
1 mgL-1 of Sb for mass bias correction (Clayton et al., 2002). 
 
Mass Bias Correction 
Consistent with previous isotopic studies of Sn, the mass-bias correction procedure using 
antimony (Sb) doping is applied (Clayton et al., 2002; Haustein et al., 2010; Balliana et al., 2013; Yamakazi 
et al., 2014). Antimony is used because the mass range (121-123 amu) falls within the mass range of Sn 
(112-124 amu), but is not isobaric with any tin isotopes, and thus, there should be no difference per mass 
unit between the measured biases for Sn and Sb. According to Clayton et al. (2002), “the mass biases for 
Sn and Sb generally track each other and indicate a predictable response with respect to mass difference.” 
Therefore, the raw Sn isotope ratio 122Sn/116Sn is externally corrected using the exponential law (eq. 1) 
and applied simultaneously to the bias measured on the isotopic composition of Sb (Clayton et al., 2002): 
(1) RSn = rSn[M122/M116]βSn 
Where Ri is the true and ri is the measured isotopic ratio. Mi are the isotopic masses of Sn.
 The exponent βSn is expressed as, 
(2) βSn = ln[RSn/rSn]/ln[M122/M116] 
The correction assumes that βSn = βSb, therefore, the Sb normalized Sn ratio can be calculated 
with βSn using this equation, 
(3) RSn = rSn[M122/M116]βSb 
     Where βSb is expressed as, 
(4) βSb = ln[RSb/rSb]/ln[M123/M121] 
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Cassiterite Ore 
A total of 75 cassiterite samples were analyzed: 44 from Bohemia-Saxony (Czechia and Germany), 
14 from Cornwall, England, and 17 samples from Serbia. Most samples were obtained from curated 
museum collections (Supplementary Data Table SD2), and consisted of single crystals, or multiple crystals 
from the same hand specimen. Two placer tin-concentrates from Horní Slavkov (Western Pluton, 
Erzgebirge) (CZR 27 and CZR 28) were provided by the Museum of Natural History in Vienna, each of which 
consisted of greater than 100 submillimeter detrital grains of cassiterite. 
All Serbian ore samples were obtained in the field from placer deposits. Sediment from coarse-
grained gravel bars was initially sifted to obtain a uniform fraction (<2mm). The sand was then fed through 
a portable sluice box. Sluice outputs were panned to a dark-sand concentrate on site. These were dried 
and sieved, and the 0.4-0.8 mm fraction was further purified in the lab by heavy liquid separation (sodium 
polytungstate, density = 2.9 g/ml). A Frantz isodynamic magnetic separator was used to separate 
cassiterite grains into the non-magnetic fraction, from which cassiterite crystals were hand-picked. Given 
the color variability of cassiterite in these deposits, the identity of each cassiterite grain was confirmed by 
SEM-EDS analysis. Each aliquot of Serbian placer cassiterite consisted of >100 submillimeter detrital grains 
(0.25g). 
Cassiterite samples were digested following the procedure of Mathur et al. (2017): 0.25g of -100 
mesh cassiterite powder was mixed with 1g of KCN and heated at 850°C for one hour in graphite crucibles 
contained within capped alumina crucibles. The resulting reduced Sn metal beads were dissolved in 
heated ultrapure 11N HCl overnight.  
  
Purification and Analysis 
A small aliquot of each sample was removed and dried. Solutions were purified using the ion 
exchange chromatography described in Balliana et al. (2013) and employed by Mason et al. (2016) and 
Mathur et al. (2017). Volumetric yield calculations confirmed the dissolution and recovery of greater than 
95% of all Sn from the reduced Sn metal of cassiterite.  
Samples were measured on the Isoprobe at the University of Arizona within 24 hours of digestion. 
Solutions were measured at 150ppb Sn with 100ppb Sb ICP-MS standard, as described in Mathur et al. 
(2017).  Mass bias was corrected for using Sb doped solutions and an exponential mass bias correction 
defined in Mathur et al. (2017). The corrected values were then bracketed with the NIST 3161A Sn 
standard (Lot# 07033). One block of 25 ratios were collected and all samples were measured in duplicate. 
Data are presented relative to the NIST 3161A Sn standard (Lot# 07033) in per mil notation defined in 
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Equation 1. Whole procedural 1σ errors for analysis are δ120Sn= 0.04‰ and δ124Sn= 0.08‰ (0.01‰ per 
amu) for cassiterite.  This error was calculated by measuring the same sample over 20 times in order to 
define full procedural errors. Further discussion about the details of analysis and error calculation can be 
found in Mathur et al. (2017).  
 
Statistical Methods 
Unsupervised Clustering: 
Unsupervised K-means clustering of the mean δ124Sn values across sites was conducted using the R (R 
Core Team, 2019) function kmeans. This clustering was based exclusively on isotope data; notably, it did 
not utilize site location (longitude/latitude). Random starting locations were used for the cluster centers, 
100 re-starts, and 1000 maximum iterations. The silhouette metric was used to choose the number of 
clusters, in particular the mean silhouette value for each number of clusters was calculated by calling the 
function silhouette in the R package cluster (Maechler at al. 2019). This metric was greatest with four 
clusters, but this choice yielded quite uneven counts of sites across cluster: 3 / 30 / 52 / 30. Therefore, 
three clusters were utilized, for which the metric was second highest, with much more even counts: 22 / 
33 / 60 (Fig. 8). Regardless, the core insights did not depend on the choice for the number of clusters. 
 
Fig. 8. Result of k-means clustering on mean δ124Sn values across sites. Black points (sites) are the high cluster, grey points the 
intermediate cluster, and white points the low cluster. Low and intermediate sites are distributed throughout the study region, 
whereas high sites are located only in the central region.   
 
Probabilistic Sourcing: 
As described below, six potential geographically and geologically distinct regions were identified as 
potential tin sources. Since there is overlap in the Sn isotopic composition ranges across these regions 
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(Fig. 9), a probabilistic approach for linking artifacts and assemblages with ore sources was adopted. There 
are two distinct steps in the method applied: (1) characterizing the distribution of isotopes for each source 
via probability density functions and (2) given this characterization, determining the probability that an 
artifact or assemblage originated from a given source. A Bayesian approach was used for both of these 
steps. 
Source probability densities: Let g = 1, 2, …, G index geographical sources. The distribution of isotopic 
values was modelled as a gaussian mixture, 
     
𝑝(𝑥|𝜃(𝑚)) = ∑
𝐾
𝑘=1
𝑤𝑘
(𝐺)𝜙 (𝑥|𝜇𝑘
(𝑔), 𝜎𝑘
(𝑔)) 
where x is the δ124Sn value, 𝜙 is the Gaussian density function, 𝑤𝑘
(𝑔)
 / 𝜇𝑘
(𝑔)
 / 𝜎𝑘
(𝑔)
 are the mixture 
proportion / mean / standard deviation for geographical source g and mixture component k, and 𝜃(𝑔) is 
a vector representing all the variables that parametrize the mixture distribution with the ordering 𝑤𝑘
(𝑔)
 / 
𝜇𝑘
(𝑔)
 / 𝜎𝑘
(𝑔)
. For all geographical sources, three mixture components were used, 𝐾 = 3. Let 𝑐(𝑔) be a vector 
of cassiterite isotopic values for geographical source g. The posterior probability of the parameter vector 
𝜃(𝑔) is proportional to the likelihood times the prior probability, 
 
𝑝(𝜃(𝑔)|𝑐(𝑔)) ⋉ 𝑝(𝑐(𝑔)|?⃗?(𝑔)) 𝑝(𝜃(𝑔)) 
where 
 𝑝(𝑐(𝑔)|𝜃(𝑔)) = ∏𝑁
(𝑔)
𝑛=1 𝑝 (𝑐𝑛
(𝑔)
|𝜃(𝑔)) 
 
is the likelihood, 𝑐𝑛
(𝑔)
 the elements of 𝑐(𝑔), 𝑁(𝑔) the number of observations for geographical source g, 
and 𝑝(𝜃(𝑔)) the prior probability. For the prior, the means of the mixture are assumed to be normally 
distributed with a standard deviation of 2, 
𝜇𝑘
(𝑔) ∼ 𝑁(0,2), 
 
the standard deviations are gamma distributed with a shape parameter 𝛼 = 2 and a rate parameter 𝛽 =
1, 
𝜎𝑘
(𝑔) ∼ 𝑔𝑎𝑚𝑚𝑎(2,1), 
and that the mixture proportions are Dirichlet distributed with a common concentration parameter of 1, 
 
𝑤𝑘
(𝑔) ∼ 𝑑𝑖𝑟𝑖𝑐ℎ𝑙𝑒𝑡(1), 
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Hamiltonian Markov chain Monte Carlo (MCMC) was used and implemented in the Stan programming 
language (https://mc-stan.org/users/citations/) to sample from the posterior distribution, called from R 
using the package rstan (https://www.R-project.org/). For the sampling, four chains, 60,000 iterations (of 
which 10,000 were warmup), and a thinning of 50 were used. 
 
  
Fig. 9. Histograms of the δ124Sn composition of cassiterite from ore deposits likely to have contributed to the Late Bronze Age 
tin trade in the Balkans, along with the result of the Bayesian analysis of the source density functions. The solid line is the 50% 
quantile across posterior samples, and the shaded region demarcates the 2.5% and 97.5% quantiles.  
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Posterior quantiles: Let 𝜃𝑠
(𝑔)
 be the s-th posterior sample (accounting for warmup and thinning) for 
geographical source g of the Bayesian posterior sampling described in the preceding section. For a 
particular isotopic value x, the density 𝑝 (𝑥|𝜃𝑠
(𝑔)
) can be sorted and used to calculate quantiles of the 
density. This is the basis for the density plots (Fig. 9), which show the 50% quantile (solid black line), along 
with the 2.5% and 97.5% quantiles (delimited by the grey bands). 
Probability bands: A probability band plot is a useful way to assess the results of the Bayesian analysis 
described in the preceding section. In addition, it provides useful intuition for the artifact / assemblage 
probabilities described in the next section. Here and elsewhere it is assumed that the prior probabilities 
of all the geographical sources are the same, 
𝑝(𝑔) =
1
𝐺
 
 
Given an isotopic value x, the posterior probability over sources is 
 
𝑝(𝑔|𝑥) =
𝑝(𝑥|𝑔)
1
𝐺
∑𝑔 𝑝(𝑥|𝑔)
1
𝐺
=
𝑝(𝑥|𝑔)
∑𝑔 𝑝(𝑥|𝑔)
 
 
where 
 
𝑝(𝑥|𝑔) = ∫ 𝑝(𝜃(𝑔)|𝑐(𝑔))𝑝(𝑥|𝜃(𝑔))𝑑𝜃(𝑔) 
 
This integral is well approximated by averaging over posterior samples for 𝜃(𝑔) (Jackman, 2009). 
𝑝(𝑥|𝑔) =
1
𝑆
∑
𝑆
𝑠
𝑝 (𝑥|𝜃𝑠
(𝑔)
) 
A probability band plot shows 𝑝(𝑥|𝑔) for multiple x’s, where the width of the band for each geographical 
source is proportional to 𝑝(𝑥|𝑔). Where the band is thick, the posterior probability is high.  
Artifact / assemblage probabilities: For a single artifact with an isotopic value δ124Sn value of a, the 
posterior probability over geographical sources is given by the posterior probability defined in the 
preceding section, 𝑝(𝑥|𝑔), except that possible fractionation imparted during the smelting process (see 
Berger et al., 2019) must be accounted for. In particular, the ore isotopic value that should be used in the 
preceding equations is 𝑥 = 𝑎 − 𝑓, where 𝑓 is the smelt-induced fractionation. 
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 To assess the probabilities of assemblages of artifacts originating from different geographical 
sources, we assumed any given artifact had a probability 𝑧𝑘 of originating from source g, and built a 
Bayesian model to sample from the posterior density of the vector 𝑧 = [𝑧1 𝑧2  ⋯ ]
𝑇. It is assumed that the 
prior probabilities of geographical sources are equal. The posterior probability of the weighting vector 𝑧 
satisfies 
𝑝(𝑧|?⃗?) ⋉ 𝑝(?⃗?|𝑧) 𝑝(𝑧) 
where the likelihood is 
𝑝(?⃗?|𝑧) = ∏
𝑚
∑
𝑔
𝑧𝑔
𝑆
∑
𝑠
𝑝 (𝑎𝑚 − 𝑓|𝜃𝑠
(𝑔)
) 
 
and it is assumed that the vector 𝑧 Dirichlet distributed with a common concentration parameter of 1, 
 
𝑧 ∼ 𝑑𝑖𝑟𝑖𝑐ℎ𝑙𝑒𝑡(1) 
As for the Bayesian sampling for source densities, Hamiltonian MCMC was implemented in the Stan 
programming language to sample from the posterior distribution of 𝑧, called from R using the package 
rstan. For the sampling, four chains, 60,000 iterations (of which 10,000 were warmup), and a thinning of 
50 were used. A summary measure of the probability that each source contributed to the assemblage can 
be found by calculating the mean of 𝑧 across samples, 
 
〈𝑧〉 =
1
𝑅
∑
𝑟
𝑧𝑟 
 
where r indexes samples for this second sampling and R is the number of samples (again, accounting for 
warmup and thinning). This mean, 〈𝑧〉, is what is reported in Table 1. 
 
Results 
Artifacts 
Composition and characteristics of the 338 artifacts are compiled in Supplementary Data (Table 
SD1). Artifacts range from the Middle Bronze Age (Bronze C) through the transition period between the 
Bronze and Iron ages (Hallstatt A), an age range of approximately 400 years: 60 Middle Bronze Age, 259 
LBA and/or Halstatt A, and 19 bronzes that lack features or context to allow for exact age categorization 
within the later Bronze Age (Br C to Ha A). Most of these bronzes were excavated from hoards and graves, 
164 and 89 samples, respectively. Thirty-four bronzes are from settlements, and the remaining 51 samples 
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are chance finds, or of unknown context. Figure 10 plots histograms for all individual artifact δ124Sn values, 
as well as histograms for the three geographic groupings used in the probabilistic sourcing analysis (see 
below). 
 
Fig. 10. Histograms of the δ124Sn for all artifacts and each of the geographic clusters used in the sourcing analysis.  
 
The tin content of bronze artifacts varied between 0.8 and 17.8 wt%. In addition, one tin bead (99 
wt% Sn) and one bead of a lead-tin alloy (55 wt% Sn) were analyzed. The data display mass dependence 
with a slope of 2.0 for δ124Sn versus δ120Sn with an R2 of 0.95. The tin isotopic composition relative to NIST 
3161a ranges from δ124Sn of -1.91 to 1.33‰. Figure 8 shows the results of the k-means clustering analysis. 
The low cluster contains 33 sites and ranges from -0.045 to 0.33. The intermediate cluster contains 60 
sites and ranges from 0.35 to 0.62. The high cluster contains 22 artifacts and ranges from 0.64 to 1.33. 
Sites in the first two clusters are distributed broadly across the study area, whereas those in the high 
cluster are only in the center of the study area. This suggests that there are important geographic 
differences in the tin sources used in bronze artifacts within the study region. Therefore, geographically 
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meaningful regions were identified to do a sourcing analysis of regional assemblages. The three 
geographical regions based on ease and means of transportation are shown in Figure 11: a northern region 
generally characterized by lowlands traversed by major rivers (Danube, Mureş, Tisza); a central region 
characterized by highland terrain, south of the Danube, and between the Drina and Morava rivers; a 
region east of the Iron Gates portage on the Danube River, including the Lower Danube Valley and the 
northern Balkan Mountains. 
 
 
   Fig. 11. Map of geographic groups used for sourcing analysis 
 
A Kolmogorov-Smirnov test on each pair of geographic groupings confirms that the geographic 
assemblages differ in their distributions of artifacts by 124Sn value (for histograms, see Figure 10). The 
statistic and two-sided p-value for the Northern-Central pairing are 𝐷 = 0.32 and 𝑝 = 7 ∙ 10−7. For the 
pairing Northern-Southern they are 𝐷 = 0.40 and 𝑝 = 9 ∙ 10−6. For the pairing Central-Southern they 
are 𝐷 = 0.56 and 𝑝 = 7 ∙ 10−11. Since the p-values are much less than 0.05, the hypothesis that the 
assemblages are drawn from the same distribution is rejected for all geographic pairings. 
  
Cassiterite 
The isotopic composition of the 75 cassiterite samples analyzed in this study are summarized in C.1, Table 
5. Samples span a range of 2.1‰ in δ124Sn, from -0.70‰ to 1.27‰. The data display mass dependence 
with a slope of 1.8 for δ124Sn versus δ120Sn with an R2 of 0.96. Haustein et al. (2010) report isotope 
compositions for a set of cassiterite samples from the Erzgebirge and Cornwall. An in-house standard 
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(Puratronic high-purity foil) was used in that study, for which Brügmann et al. (2017) provide a 
comparative value for NIST 3161a (-0.26‰) used herein, allowing for data conversion. Berger et al. (2019) 
report Sn isotopic compositions of tin ingots from the shipwrecks of Hishuley Carmel and Kfar Samir. To 
confirm the interlab equivalency, two samples from each of these sites were analyzed relative to NIST 
3161a. The δ124Sn values of 0.66% and 0.75‰ for Hishuley Carmel, and 0.47% and 0.50% for Kfar Samir 
are consistent with those reported by Berger et al. (2019) (0.46 to 0.76‰ and a mean of 0.60‰ for 
Hishuley Carmel; 0.36 to 0.78‰ and a mean of 0.53‰ for Kfar Samir). 
The δ122/116Sn values reported by Haustein et al. (2010) were used to calculate equivalent δ124Sn values 
based on mass dependence using the equation (δ124SnNIST 3161a= [δ122/116SnPuratronic x 1.333] + 0.26‰). 
Combining the data sets of this study and Haustein et al. (2010) results in a set of 90 data points for the 
Erzgebirge with a range of 3.24, from -0.70 to 2.54 ‰ and a set of 41 data points for Cornwall with a range 
of 3.04, from -0.83‰ to 2.21‰. Two additional Serbian placer samples from Mt. Bukulja reported in 
Berger et al. (2019) were added to the dataset. 
Figure 9 presents histograms of the δ124Sn for the six sources, along with the result of the Bayesian 
analysis of the source density functions. The solid line is the 50% quantile across posterior samples, and 
the shaded region demarcates the 2.5% and 97.5% quantiles. Figure 12 illustrates the probability bands 
as a function of δ124Sn. The height of the band, for a given source, shows how likely a sample is to derive 
from that source (for details see the statistical methods). 
 
 
Fig. 12.  Probability bands as a function of δ124Sn. The height vertical width of the band, for a given source, corresponds to the 
likelihood of a sample being derived from that source.  
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Sourcing analysis 
Table 1 shows the results of the sourcing analysis for the three geographic regions summarized 
above for four different values of the smelt-induced fractionation adjustment (0.0, -0.10, -0.15, and -0.20), 
based on the observation of Berger et al. (2019) that artifacts may be enriched in heavier isotopes of Sn 
relative to the ore charge. The probabilities in the table are the best assessment of each source’s 
contribution to the assemblage, accounting in a statistically rigorous way for uncertainty arising from the 
distribution of isotopic values in the cassiterite samples and from the fact that the assemblages are a 
reduced sample of the original artifacts in each geographic region. One clear result is that Cornwall is an 
unlikely source (or low contributor) to each assemblage. For the Central region the greatest contributor 
is Mt. Cer in Serbia, regardless of fractionation, with the Central Pluton being the second contributor for 
a fractionation of 0.0 and the West Pluton being the second contributor for all other fractionations. For 
the northern region, some combination of Cer, the West Pluton, and Bukulja are identified as the top 
three contributors, regardless of fractionation, with all other contributors being cumulatively under 10%. 
Regardless of the fractionation level, the most likely contributors to the Southern assemblage based on 
Sn isotopic composition alone are the West Pluton in the Erzgebirge and Mt. Bukulja in Serbia, a scenario 
which is unlikely based on the geographic separations.  
 
Assemblage Fractionation 
West 
Pluton 
Central 
Pluton 
East 
Pluton Bukulja Cer Cornwall 
Northern 0.00 0.06 0.03 0.03 0.05 0.81 0.02 
Northern -0.10 0.29 0.02 0.02 0.22 0.44 0.01 
Northern -0.15 0.42 0.02 0.02 0.33 0.20 0.01 
Northern -0.20 0.52 0.01 0.02 0.39 0.05 0.01 
                
Central 0.00 0.04 0.30 0.04 0.03 0.57 0.03 
Central -0.10 0.10 0.04 0.03 0.06 0.76 0.02 
Central -0.15 0.17 0.03 0.02 0.10 0.67 0.01 
Central -0.20 0.26 0.02 0.02 0.15 0.54 0.01 
                
Southern 0.00 0.31 0.04 0.04 0.45 0.14 0.03 
Southern -0.10 0.41 0.03 0.03 0.46 0.05 0.02 
Southern -0.15 0.48 0.03 0.03 0.41 0.03 0.02 
Southern -0.20 0.57 0.02 0.03 0.33 0.03 0.02 
 
Table 1. Sourcing analysis for the three geographic regions summarized above for four different values of the smelt-induced 
fractionation adjustment (0.0, -0.10, -0.15, and -0.20).  
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Discussion 
K-mean analysis of site-averaged Sn isotopic signatures of bronze artifacts identified three distinct 
regions within the study area between the Czechia and Bulgaria: 1) a region across Central Serbia in which 
bronze artifacts are typically enriched in heavy isotopes of Sn (mode  δ124Sn = 0.7‰); 2) a region across 
southern Serbia and the Lower Danube Valley of Bulgaria in which articles are typically enriched in lighter 
isotopes of Sn (mode δ124Sn = 0.2‰), and 3) a broad region from Central Europe, Transylvania, and the 
Vojvodina in which bronze artifacts have a moderate δ124Sn composition (mode δ124Sn = 0.4‰) (Fig. 11). 
This distribution suggests that at least three sources of tin were exploited and traded across the region; 
one source from the central Balkan region enriched in heavier isotopes; a source to the southeast that is 
enriched in lighter isotopes; a moderate composition source located to the north. 
 
Tin Mineralization in the Region 
Cassiterite ores occur in the Erzgebirge (Saxony-Bohemia) and west-central Serbia. These two 
regions are geographically and geologically distinct. The Erzgebirge Mountain range lies along the Czech-
German border, elongated in the NE-SW direction forming a 160km long discontinuous belt. The 
Carboniferous granites (330-295 Ma; Breiter, 2012) that are associated with tin mineralization include the 
fault-dissected Western pluton, the Central pluton, and the Eastern pluton (Fig. 13). Tectonic tilting of the 
section resulted in deeper level granites being exposed to the west and shallower level granites to the 
east. The granitic magmas were produced from the late syn-collisional melting of Sn-enriched sedimentary 
rocks derived from the erosion of Gondwana (Romer and Kroner, 2016). Mineralization is predominantly 
associated with greisens and, to a lesser extent, vein systems (Breiter, 2014). 
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Fig. 13. Granitic plutons of the Erzgebirge region. Named sites on this map refer to sites from which cassiterite samples were 
obtained. 
 
Clear evidence of cassiterite placer mining dates to the 13th century CE, and mining of primary 
tin ores began in 1355 at Krásno (Breiter, 2014). Prehistoric placer mining is suggested to have occurred 
in Bohemia in the Early Bronze Age (2300-1500 BCE) based on the spatial association of tin-bearing 
streams and Bronze Age settlement sites of the Únětice culture (Bouzek et al., 1989). Placer mining at 
Altenberg is suggested to have been active by the early 2nd millennium BC based on 14C dates from charcoal 
found in association with an extraction site in weathered mineralized granite, over which ridges of gravel 
were piled (Tolksdorf et al., 2019). In addition, Nessel et al. (2019), found that Early Bronze Age Únětice 
artifacts have similar isotopic ratios to cassiterite ores from Erzgebirge, despite being from different 
hoards and having variable tin contents. Accordingly, the authors concluded that local ore sources were 
exploited to produce this early bronze. 
The tin-bearing sites of Mt. Cer and Mt. Bukulja in West Serbia are underlain by smaller granitic 
plutons (60km2 and 40 km2, respectively) that are younger (21-16 Ma), being associated with post-Alpine 
processes associated with the opening of the Pannonian Basin (Cvetković et al., 2007; Lorinczi and 
Houseman 2010; Koroneos et al., 2011). Tin mineralization at Mt. Cer is associated with pegmatites and 
greisens (Palinkaš et al., 2008), suggesting deeper emplacement levels than in the Erzgebirge. Secondary 
alluvial deposits containing cassiterite have been documented at the base of the Cer pluton (Durman, 
1997; Monthel et al., 2002; Huska et al., 2014), and at Bukulja (Durman 1997; Monthel et al., 2002), but 
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are considered sub-economic (Tomić, 1991). Evaluation of ore grade and tonnage reported by Durman 
(1997) indicate that the placer deposits of Mt. Cer are substantially larger than those at Bukulja. 
No archaeological evidence of prehistoric mining of placer cassiterite has been discovered at 
Bukulja. However, highly disturbed Bronze Age sites with some fragments of crucibles with metal-bearing 
vitreous coatings occur on the river terraces adjacent to the tin-bearing Milinska and Cernica rivers on the 
southern flank of Mt. Cer, indicating on-site metallurgical activities and prehistoric exploitation of the tin 
placers (Huska et al., 2014). 
Numerous other sites have been suggested as potential sources of tin ore in the Balkans. These 
include Motajica and Prosara in northern Bosnia, Bujanovac in southern Serbia, and Ograzhden in North 
Macedonia (Durman, 1997), several sites in western and central Bulgaria (Vitov, 2002), and numerous 
sites in Romania (Glumac and Todd, 1991). However, the validity and viability of most of these proposed 
sources has yet to be confirmed with on-site sampling and analysis. In addition, Berger et al. (2019) 
suggest that Cornish tin was traded over large distances (to the eastern Mediterranean) in the Late Bronze 
Age, and consequently sources from southeastern England must be considered. 
Based on spatial clustering alone, the geographic coincidence of artifacts characterized by high 
δ124Sn values with Mt. Cer and Mt. Bukulja, and their associated tin mineralization, suggests that these 
Serbian ores supplied the region during the Late Bronze Age. Similarly, the dominance of a consistently 
moderate isotopic composition of tin in archaeological sites in northern Vojvodina, Transylvania, Austria, 
and the Czechia would be consistent with tin being supplied from the Central European ores of the 
Erzgebirge. The cluster of low δ124Sn artifact groups in the Lower Danube valley, suggests that a third, as 
yet undocumented ore source lies to the south or east. 
  
Tin Fractionation and Ore Deposit Isotopic Signatures 
Several studies have noted the broad and overlapping range of tin isotope compositions from 
both Erzgebirge and Cornwall regions, when viewed as broad regionally aggregated data, and thus 
concluded that the tin isotopes have limited potential for provenance studies in Europe (Brügmann et al., 
2017; Nessel et al., 2019). However, within the past year geologists have begun to document the 
mechanisms that fractionate tin during ore deposit formation, allowing for greater understanding of the 
isotopic data, how it can be expected to vary in specific geological settings, and how it can be best used 
to characterize individual deposits. 
Two key factors likely define the Sn isotopic composition associated with a given tin granite (i.e., 
bulk average of deposit). These are the composition of the rocks from which the magmas were derived, 
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and the partitioning of Sn between the magma and the residual rock (Wolf et al., 2018). Thus, the bulk 
average Sn isotopic composition of ore deposits associated with a given intrusion are likely similar, but 
variations would be expected between metallogenic regions. 
The main control on Sn isotopic fractionation associated with the crystallization/precipitation of 
cassiterite during ore formation is redox-related. Precipitation of cassiterite requires the oxidation of tin 
from Sn2+ to Sn4+, and the stronger bonding environment associated with oxidized tin favors the heavier 
isotopes (Yao et al., 2018; Wang et al., 2019). Thus, redox-related Raleigh fractionation results in the 
progressive enrichment of lighter isotopes in precipitated cassiterite over time (Yao et al., 2018). 
Therefore, small, rapidly formed ores would be expected to have more homogenous isotopic 
compositions, whereas larger deposits in which the reaction front advanced over time would likely exhibit 
a more heterogeneous and zoned isotopic signature. Evolution of a vapor during ore formation also 
induces fractionation of tin isotopes, resulting in enrichment of heavier isotopes in the vapor, leaving the 
residual fluids with lower δ124Sn values (Wang et al., 2019). Thus, ores formed at shallower depths at 
which boiling is possible will exhibit greater degrees of Sn fractionation (Wang et al., 2019). 
Considering these controls on Sn fractionation with respect to the geological variations in the tin 
deposits of the Erzgebirge, Cornwall, and Serbia, it would be expected that deposits would display 
contrasting isotopic patterns. The deposits associated with the Eastern Pluton (Krupka, Cinovec, 
Altenberg) formed at shallow depth, and depressurization and vapor loss were directly associated with 
ore formation (Korges et al., 2018). Therefore, these deposits would be expected to display greater 
fractionation of Sn isotopes than deposits to the west. Accordingly, the Erzgebirge data was parsed into 
three sub-regions of based on their geological setting (Fig. 13): Eastern Pluton (Altenberg, Cinovec, 
Krupka), n=35; Central Pluton (Ehrenfriedersdorf, Geyer), n=17; Western Pluton to the north and south of 
the Krušné Hory fault (Hraničná, Vogtland, Auersberg, Horní Slavkov, Krásno), n=38. Although 
considerable overlap exists between regions, variation in δ124Sn distributions are evident: deposits of the 
Eastern and Central plutons are skewed to higher values of δ124Sn compared to those associated with the 
Western Pluton (Fig. 9). The distribution of Cornish tin shows the considerable overlap with the Erzgebirge 
Eastern Pluton, both being associated with the highest peak values of δ124Sn. The deposits of Serbia display 
less variation, as would be expected given their smaller size and greater depth of emplacement. Cassiterite 
from Mt. Bukulja exhibits lower δ124Sn values than that of Mt. Cer, and is similar to that of the deepest 
Erzgebirge ores (West Pluton) (Fig. 9). 
 
 
36 
 
Correlating Artifacts and Ores 
The geographic clustering of Sn isotopic groupings of Late Bronze Age archaeological sites relative 
to known ore sources suggests that Central European ores of moderate isotopic composition were 
predominant in bronze production in the broad region north of the Middle Danube, but Serbian ores of 
both higher and lower δ124Sn were associated with metallurgical activities in central and western Serbia. 
However, the presence of individual artifacts of different isotopic composition within an artifact 
assemblage suggests trade was multidirectional, and that most artifact assemblages reflect a mixed input 
of metal from multiple sources. 
Based on geographic distribution alone, the mixed isotopic nature of bronzes from west-central 
Serbia (δ124Sn modes of 0.2 and 0.7‰) could be attributed to the production of bronze from tin derived 
from the Serbian deposits of Mt. Cer and Mt. Bukulja, and the moderate isotopic signature of bronzes 
from Central Europe-Vojvodina-Transylvania (δ124Sn peaks of 0.4‰) suggest an Erzgebirge source. When 
these bronze values are compared to the relative probability plot and contributor probability values for 
ore deposits (Fig. 12 and Table 1), several conclusions are immediately apparent. First, the ores of the East 
and Central plutons of the Erzgebirge can be ruled out as ore sources for the Balkans in the Late Bronze 
Age, as can those of southwestern England. The relative probability of ore compositions allows for the 
correlation of west Serbian ores with local artifacts, and ores from the West Pluton of the Erzgebirge with 
artifacts from Central Europe, Transylvania, and the Vojvodina. This is consistent with the regional salt-tin 
exchange network proposed by Kavruk (2012), where salt from Transylvania and Maramureş (northern 
Romania) was traded for Central European tin via the Danube-Tisza Interfluve.  
Despite mixed inputs in contributor probability values, major and minor tin ore contributors can 
be identified in each region. Central Serbia appears to be dominated by contributions from Mt. Cer, with 
lesser input from the West Pluton of the Erzgebirge and/or Mt. Bukulja, both of which have similar isotopic 
composition. North of the Danube, the West pluton appears to be the greatest contributor. Although the 
probability modelling suggests that Bukulja may have contributed to these assemblages, this seems 
unlikely based on geographic patterns. That is, there is no clustering of low δ124Sn artifacts in proximity to 
Mt. Bukulja, and so it is most likely that probability models cannot effectively distinguish between these 
two deposits that have similar isotopic composition. 
Similarly, the probabilistic analysis suggests that the southern region is associated with tin from 
the West Pluton. Again, this is geographically unlikely given the distance, and that the southern group lies 
downstream of the Danube’s Iron Gates, a major barrier to eastward riverine transportation. This 
misidentification is likely due to an incomplete tin deposit inventory. The prominence of a low δ124Sn 
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artifact cluster in the Lower Danube Valley is likely due to ore sourcing from an undocumented tin deposit 
in Bulgaria that is weakly fractionated. This demonstrates the need for a more accurate and complete 
inventory of tin occurrences across southeastern Europe. In future work, these types of considerations 
could be incorporated into the prior probabilities assigned to artifacts originating from a given source. 
Berger et al. (2019) determined that Late Bronze Age tin ingots in the eastern Mediterranean were 
derived from European Variscan tin ores. Although they concluded that a Cornish source was most 
consistent with the trace element profiles, they could not exclude the Erzgebirge as a potential source. 
What can be deduced from the isotopic patterns in the Central Balkans, is that if either of these ore 
sources were involved in Mediterranean trade, then the associated transportation routes did not involve 
routes along the Lower Danube or Morava rivers. Additionally, the lack of isotopic signatures from the 
Eastern Pluton in Erzgebirge in this study, despite geoarchaeological evidence for their exploitation ca. 
1900 -1400 BC (Tolksdorf et al., 2019), suggests that production from this site diminished in the Late 
Bronze Age, the scale of mining was substantially smaller, or that tin ores mined from this site were traded 
to the north or west.  
 
The Magnitude of Smelt Induced Fractionation 
Kazenas et al. (1996) noted that tin oxide evaporates at a noticeable rate above 1225°C, a process 
likely to induce fractionation. Furnace-based casting experiments at 1100-1200°C documented a 0.5‰ 
per amu shift in composition along the surface of tin ingots due to selective evaporation of lighter isotopes 
of tin (Yamazaki et al., 2014). The experimental smelting study of Berger et al. (2018) further suggests that 
evaporative loss of Sn during Bronze Age smelting processes may have resulted in the metals products 
being enriched in heavier Sn isotopes relative to that of the initial ore charges. They found that in a smelt 
where cassiterite is reduced fully, the metal was fractionated by 0.02-0.05‰ per amu (0.16-0.4‰ δ124Sn).  
Accordingly, they applied a correction factor of -0.025‰ per amu to artifact isotopic compositions in their 
recent provenance study of Late Bronze Age tin ingots (Berger et al., 2019). 
The large Balkan bronze dataset provides an opportunity to empirically test the conclusions of 
Berger et al. (2019). A correction factor of approximately -0.2‰ in δ124Sn (-0.025‰ per amu) applied to 
artifacts would best align the composition of the Mt. Cer ores (mean δ124Sn 0.5‰) with the central artifact 
cluster (δ124Sn mode of 0.7‰). Thus, the data presented herein are consistent with the experimental 
findings of Berger et al. (2019), and suggest that their estimate of a 0.025‰ per amu smelt-induced 
fractionation of tin isotopes in metal artifacts is realistic.  
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Conclusions 
1.     At least three isotopically distinct tin ore sources were used to produce Late Bronze Age artifacts in 
the central Balkan region, with δ124Sn mode values of approximately 0.2‰, 0.5‰, and 0.7‰. 
2.    Artifacts enriched in heavy isotopes (δ124Sn >0.7‰) cluster in west-central Serbia, and associated ores 
were likely sources from Mt. Cer in west Serbia. This region is also characterized by mixed artifact 
assemblages (heavy and light) which can be attributed to the use of ores from both local ore sources, 
Mt. Cer and Mt. Bukulja (and/or Erzgebirge West Pluton). 
3.  Artifacts that occur north of the Middle Danube in Vojvodina, Transylvania, and Central Europe have 
a moderate Sn isotopic composition predominantly. This is both geographically and isotopically 
consistent with an ore source associated with the West Pluton of the Erzgebirge. 
4.  Light isotope-enriched bronzes are predominant in southern Serbia and the lower Danube river valley. 
No light isotope-enriched tin ores have been identified in this region, and so ore provenance remains 
unknown, but is likely associated with an undocumented tin occurrence in western Bulgaria. 
5.     There is no indication of the use of ores from Cornwall or the East Pluton of the Erzgebirge in Central 
Europe and the Balkans during the Late Bronze Age. 
6.     Minor discrepancies between the central tendency of the Sn isotopic composition of artifacts with 
that of associated ores suggests that the smelting process induced minor fractionation, enriching the 
tin metal in heavier isotopes by approximately 0.025 ‰ per amu. 
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Appendix A 
Results for the KCN  and Distillation experiments  
 
A.1  
Table 1: Results from KCN experiments 
 
     
Flux: Mineral Yield Sn (%) Time (minutes) 120Sn  124Sn  
2 to 1 75 30 0.12 0.24 
2 to 1 89 35 0.34 0.61 
2 to 1 92 40 0.33 0.60 
2 to 1 81 45 0.05 0.13 
2 to 1 86 50 0.29 0.53 
2 to 1 86 55 0.20 0.40 
2 to 1 82 60 0.09 0.12 
2 to 1 70 75 0.30 0.57 
2 to 1 90 90 0.19 0.33 
2 to 1 88 120 0.06 0.19 
4 to 1 82 25 0.17 0.31 
4 to 1 79 30 0.14 0.22 
4 to 1 83 35 0.12 0.26 
4 to 1 84 40 0.23 0.38 
4 to 1 87 45 0.10 0.24 
4 to 1 79 50 0.19 0.36 
4 to 1 87 55 0.19 0.32 
4 to 1 95 60 0.06 0.08 
4 to 1 77 75 0.14 0.26 
4 to 1 79 75 0.17 0.31 
4 to 1 80 80 0.19 0.43 
4 to 1 84 90 0.19 0.37 
6 to 1 83 30 0.15 0.25 
6 to 1 67 45 0.10 0.25 
6 to 1 55 60 0.20 0.34 
6 to 1 65 90 0.11 0.15 
8 to 1 83 30 0.15 0.25 
8 to 1 67 45 0.10 0.25 
8 to 1 55 60 0.17 0.34 
8 to 1 65 90 0.11 0.15 
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A.2  
Table 2: Averages and 1 s errors for the different flux: mineral ratios.  
 
Experiment Average 120Sn 1 Average 124Sn 1 
2 to1 0.2 0.12 0.37 0.21 
4 to 1 0.16 0.09 0.28 0.04 
6 to 1 0.14 0.08 0.25 0.04 
8 to 1 0.14 0.08 0.25 0.03 
All< 4 to 1 0.15 0.08 0.28 0.04 
 
 
A.3 
Table 3: Results from the distillation experiment. 
 
Time (minutes) NaOH normality Type of HI Sn captured (%) 120Sn (per mil) 124Sn (per mil) 
30 1 unstabilized 0.002 0.17 0.45 
60 1 unstabilized 0.004 0.38 0.84 
120 1 unstabilized 0.008 -0.03 -0.09 
240 1 unstabilized 0.009 0.13 0.13 
30 3 unstabilized 0.1 0.11 0.26 
60 3 unstabilized 0.1 0.39 0.94 
120 3 unstabilized 0.2 0.49 1.00 
240 3 unstabilized 0.2 0.16 0.24 
15 3 unstabilized 0.03 -0.09 -0.21 
30 3 unstabilized 0.1 0.45 1.22 
15 3 stabilized 0.8 1.62 2.99 
30 3 stabilized 1.1 0.07 0.27 
120 3 stabilized 3.1 0.61 1.11 
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Appendix B 
Artifact Data 
B.1 
Table 4: Artifact Data 
Abbreviations: Period: Br, Bronze Age; Ha, Hallstatt; LBA, Late Bronze Age; MBA, Middle Bronze Age; Myc, 
Myceneaean; Unk, Unknown. Context: S, settlement; G, grave; H, hoard; U, unknown. Country: AT, Austria; BA, 
Bosnia and Herzegovina; BU, Bulgaria; CZ, Czechia; HU, Hungary; RO, Romania; RS, Serbia.   
 
 
Sample 
# Long Lat Site Name 
Museum 
# δ124Sn 
Site Avg 
δ124Sn Period Museum Country Context 
AR 01 21.28 46.06 Şagu   0.58 0.59 Ha A1 Arad RO S 
AR 02 21.28 46.06 Şagu   0.52   Ha A1 Arad RO S 
AR 03 21.28 46.06 Şagu   0.64   Br C/D Arad RO S 
AR 04 21.28 46.06 Şagu   0.45   Ha A1 Arad RO S 
AR 05 21.28 46.06 Şagu   0.60   Ha A1 Arad RO S 
AR 06 21.28 46.06 Şagu   0.67   Ha A1 Arad RO S 
AR 07 21.28 46.06 Şagu   0.65   Ha A1 Arad RO S 
AR 08 21.28 46.06 Şagu   0.58   Ha A1 Arad RO S 
AR 10 21.07 46.17 Pećica   0.65 0.68 MBA Arad RO G 
AR 11 21.07 46.17 Pećica   0.57   MBA Arad RO G 
AR 12 21.07 46.17 Pećica   0.80   MBA Arad RO G 
AR 13 21.07 46.17 Pećica   0.82   MBA Arad RO G 
AR 14 21.07 46.17 Pećica   0.60   MBA Arad RO G 
AR 15 21.07 46.17 Pećica   0.52   MBA Arad RO G 
AR 16 21.07 46.17 Pećica   0.50   MBA Arad RO G 
AR 17 21.07 46.17 Pećica   0.74   MBA Arad RO G 
AR 18 21.07 46.17 Pećica   0.84   MBA Arad RO G 
AR 19 21.07 46.17 Pećica   0.64   MBA Arad RO G 
AR 20 21.07 46.17 Pećica   0.83   MBA Arad RO G 
AUS SA 
01 13.48 47.94 St Georgen 3/63 0.54 0.54 MBA Salzburg AT H 
AUS SA 
05 12.71 47.57 
Sankt Martin bei 
Lofer 639-1 0.24 0.28 Br D Salzburg AT H 
AUS SA 
06 12.71 47.57 
Sankt Martin bei 
Lofer 639-2 0.31   Br D Salzburg AT U 
BC 01 20.72 45.12 Djurica   0.17 0.17 Unk Bela Crkva RS U 
BC 04 21.42 44.90 Bela Crkva   0.29 0.29 Ha A Bela Crkva RS U 
BE 01 20.21 44.75 Kraludjerske Livade   0.12 0.46 Br D Belgrade RS G 
BE 04 20.21 44.75 Kraludjerske Livade   0.56   Ha A Belgrade RS G 
BE 05 20.21 44.75 Kraludjerske Livade   0.71   Br B Belgrade RS G 
BI 01 19.20 44.85 Batković   0.59 0.55 Ha A Bijeljina BA H 
BI 02 19.20 44.85 Batković   0.45   Ha A Bijeljina BA H 
BI 03 19.20 44.85 Batković   0.61   Ha A Bijeljina BA H 
BI 04 19.04 44.07 Vrsinje   0.57 0.57 Ha A Bijeljina BA U 
BI 05 19.26 44.80 Kućerine   0.42 0.42 LBA Bijeljina BA G 
BO 02 22.38 44.22 Trnjane   0.49 0.52 Br C Bor RS G 
BO 17 22.38 44.22 Trnjane   0.81   LBA Bor RS G 
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BO 18 22.38 44.22 Trnjane   0.43   LBA Bor RS G 
BO 19 22.38 44.22 Trnjane   0.35   LBA Bor RS G 
BO 21 22.25 44.14 Glogovac   0.27 0.24 LBA Bor RS U 
BO 22 22.25 44.14 Glogovac   0.21   Ha A Bor RS U 
CA 01 20.15 43.96 Dubac   0.00 0.50 Br B2/C Čačak RS G 
CA 02 20.15 43.96 Dubac   0.44   Br B2/C Čačak RS G 
CA 03 20.15 43.96 Dubac   0.46   Br B2/C Čačak RS G 
CA 04 20.15 43.96 Dubac   0.29   Br B2/C Čačak RS G 
CA 05 20.15 43.96 Dubac   0.54   Br B2/C Čačak RS G 
CA 06 20.15 43.96 Dubac   0.81   Br B2/C Čačak RS G 
CA 07 20.15 43.96 Dubac   0.88   Br B2/C Čačak RS G 
CA 08 20.15 43.96 Dubac   0.59   Br B2/C Čačak RS G 
CA 09 20.47 43.89 Lugovi   0.74 0.74 Br C/D Čačak RS G 
CA 10 20.21 43.80 Turica   0.67 0.75 LBA Čačak RS G 
CA 11 20.21 43.80 Turica   0.83   Myc Čačak RS G 
CA 12 20.14 43.84 Ivkovo-Brdo   0.54 0.54 MBA Čačak RS G 
CA 13 20.08 43.96 Gornja Dobrinja   0.21 0.21 Br B2/C Čačak RS G 
CL 01 23.95 46.62 Bolduț   0.12 0.27 Br D Cluj RO H 
CL 03 23.95 46.62 Bolduț   0.41   Br D Cluj RO H 
CL 08 23.14 45.59 Cioclovina   0.24 0.24 
Br D- Ha 
1 Cluj RO H 
CL 10 23.71 46.77 Tufele Roşii   0.58 0.46 
Br D- Ha 
1 Cluj RO H 
CL 11 23.71 46.77 Tufele Roşii   0.34   
Br D- Ha 
1 Cluj RO H 
CL 12 23.87 46.39 Uioara de Sus   0.44 0.40 Ha A1 Cluj RO H 
CL 13 23.87 46.39 Uioara de Sus   0.32   Ha A1 Cluj RO H 
CL 14 23.87 46.39 Uioara de Sus   0.32   Ha A1 Cluj RO H 
CL 15 23.87 46.39 Uioara de Sus   0.42   Ha A1 Cluj RO H 
CL 16 23.87 46.39 Uioara de Sus   0.51   Ha A1 Cluj RO H 
CZR CB 
01 14.31 49.35 Olešná   0.56 0.56 Br D 
České 
Budějovice CZ U 
CZR CB 
02 14.51 49.25 Březnice A27-152 0.45 0.45 Br D 
České 
Budějovice CZ U 
CZR CB 
04 14.26 49.36 Temešvár A35-736 0.30 0.30 Br B 
České 
Budějovice CZ U 
CZR CB 
05 14.47 49.14 Kostelec   0.53 0.53 Br B-C 
České 
Budějovice CZ U 
CZR CB 
06 14.50 48.95 Nové Hodějovice   0.25 0.25 Ha A 
České 
Budějovice CZ U 
CZR PR 
04 13.99 49.81 Plešivec 13-309 0.14 0.14 Ha A Prague CZ H 
CZR PR 
06 14.99 50.07 Chotutice 13-593 0.39 0.39 Ha A Prague CZ H 
CZR PR 
07 14.36 49.33 Nemějice 110-667 0.59 0.51 Ha A/B Prague CZ H 
CZR PR 
08 14.70 50.12 Jirny 111-773 0.61 0.61 Ha A Prague CZ H 
CZR PR 
09 14.46 50.35 Brozánky 109-860 0.48 0.48 Ha A Prague CZ H 
CZR PR 
10 14.24 50.28 Velvary 109-867 0.52 0.52 Ha A Prague CZ H 
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CZR PR 
12 14.32 50.10 Praha-Šárka 015-920 -0.04 -0.04 Ha A Prague CZ H 
CZR PR 
14 14.36 49.33 Nemějice 110-667 0.43   Unk Prague CZ H 
DE 01 22.54 45.91 Abucea   0.11 0.36 LBA Deva RO S 
DE 02 22.54 45.91 Abucea   0.43   LBA Deva RO S 
DE 03 22.54 45.91 Abucea   0.46   LBA Deva RO S 
DE 04 22.54 45.91 Abucea   0.43   LBA Deva RO S 
DE 07 22.89 45.92 Șoimuș   0.50 0.53 Unk Deva RO S 
DE 08 22.89 45.92 Șoimuș   0.63   Unk Deva RO S 
DE 10 22.89 45.92 Șoimuș   0.46   Unk Deva RO S 
DO 01 18.15 44.45 Ostava Majdan   0.50 0.31 Ha A Doboj BA H 
DO 02 18.15 44.45 Ostava Majdan   0.06   Ha A Doboj BA H 
DO 03 18.15 44.45 Ostava Majdan   0.37   Ha A Doboj BA H 
DO 04 17.85 44.79 Cvrtkovci   0.18 0.45 Ha A Doboj BA H 
DO 06 17.85 44.79 Cvrtkovci   0.52   Ha A Doboj BA H 
DO 07 17.85 44.79 Cvrtkovci   0.77   Ha A Doboj BA H 
DO 08 17.85 44.79 Cvrtkovci   0.48   Ha A Doboj BA H 
DO 09 17.85 44.79 Cvrtkovci   0.40   Ha A Doboj BA H 
DO 10 18.19 44.80 Paležnica   0.78 0.67 Ha A Doboj BA H 
DO 11 18.19 44.80 Paležnica   0.56   Ha A Doboj BA H 
DO 12 17.96 45.10 Moćićak   0.43 0.35 Br D Doboj BA H 
DO 13 17.96 45.10 Moćićak   0.57   Br D Doboj BA H 
DO 14 17.96 45.10 Moćićak   0.28   Br D Doboj BA H 
DO 15 17.96 45.10 Moćićak   0.46   Br D Doboj BA H 
DO 16 17.96 45.10 Moćićak   0.19   Br D Doboj BA H 
DO 17 17.96 45.10 Moćićak   0.49   Br D Doboj BA H 
DO 18 17.96 45.10 Moćićak   0.25   Br D Doboj BA H 
DO 19 17.96 45.10 Moćićak   0.36   Br D Doboj BA H 
DO 20 17.96 45.10 Moćićak   0.10   Br D Doboj BA H 
DO 21 18.49 44.71 Srebrenik   0.57 0.42 Ha A Doboj BA H 
DO 22 18.49 44.71 Srebrenik   0.43   Ha A Doboj BA H 
DO 23 18.49 44.71 Srebrenik   0.32   Ha A Doboj BA H 
DO 24 18.49 44.71 Srebrenik   0.42   Ha A Doboj BA H 
DO 25 18.49 44.71 Srebrenik   0.34   Ha A Doboj BA H 
DO 26 17.85 44.79 Cvrtkovci   0.25   Ha A Doboj BA H 
DO 27 17.85 44.79 Cvrtkovci   0.53   Ha A Doboj BA H 
DO 28 18.20 45.00 Topolovaća   0.31 0.26 Ha A1 Doboj BA S 
DO 29 18.20 45.00 Topolovaća   0.21   Ha A1 Doboj BA S 
JA 01 21.53 44.13 Panjevački Rit   0.39 0.51 LBA Jagodina RS S 
JA 02 21.53 44.13 Panjevački Rit   0.46   LBA Jagodina RS S 
JA 04 21.53 44.13 Panjevački Rit   0.42   LBA Jagodina RS S 
JA 05 21.53 44.13 Panjevački Rit   0.76   LBA Jagodina RS S 
KI 01 20.32 45.82 Iđoš   0.39 0.64 
Br D/Ha 
A Kikinda RS G 
KI 02 20.32 45.82 Iđoš   0.61   
Br D/Ha 
A Kikinda RS G 
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KI 04 20.32 45.82 Iđoš   1.17   
Br D/Ha 
A Kikinda RS G 
KI 05 20.32 45.82 Iđoš   0.74   
Br D/Ha 
A Kikinda RS G 
KI 06 20.32 45.82 Iđoš   0.46   
Br D/Ha 
A Kikinda RS G 
KI 07 20.32 45.82 Iđoš   0.65   
Br D/Ha 
A Kikinda RS G 
KI 08 20.32 45.82 Iđoš   0.63   
Br D/Ha 
A Kikinda RS U 
KI 09 20.32 45.82 Iđoš   0.47   
Br D/Ha 
A Kikinda RS U 
KI 11 20.19 45.89 Ostojićevo   0.76 0.53 MBA Kikinda RS G 
KI 12 20.19 45.89 Ostojićevo   0.30   MBA Kininda RS G 
KI 13 20.19 45.89 Ostojićevo   0.51   MBA Kikinda RS G 
KI 32 20.19 45.89 Ostojićevo   0.33   MBA Kikinda RS G 
KI 34 20.19 45.89 Ostojićevo   0.73   MBA Kikinda RS G 
KR 01 21.29 43.59 Čitluk   0.46 0.52 Unk Kruševac RS U 
KR 02 21.29 43.59 Čitluk   0.57   Unk Kruševac RS U 
KR 05 21.05 43.46 Venčac   1.12 1.12 LBA Kruševac RS U 
LO 01 19.37 44.51 Paulje   0.50 0.61 LBA Loznica RS G 
LO 02 19.37 44.51 Paulje   0.91   LBA Loznica RS G 
LO 03 19.37 44.51 Paulje   0.55   LBA Loznica RS G 
LO 04 19.37 44.51 Paulje   0.38   LBA Loznica RS G 
LO 05 19.37 44.51 Paulje   0.41   LBA Loznica RS G 
LO 06 19.37 44.51 Paulje   0.63   LBA Loznica RS G 
LO 08 19.37 44.51 Paulje   0.77   LBA Loznica RS G 
LO 09 19.37 44.51 Paulje   0.61   LBA Loznica RS G 
LO 10 19.37 44.51 Paulje   0.98   LBA Loznica RS G 
LO 11 19.37 44.51 Paulje   1.24   LBA Loznica RS G 
LO 15 19.37 44.51 Paulje   0.21   LBA Loznica RS G 
LO 17 19.37 44.51 Paulje   0.16   LBA Loznica RS G 
LV 01 24.71 43.14 Lovech   0.41 0.41 LBA Lovech BG H 
MA 01 19.04 47.34 Szigetszentmiklos   0.39 0.41 MBA Matrica HU G 
MA 02 19.04 47.34 Szigetszentmiklos   0.45   MBA Matrica HU G 
MA 03 19.04 47.34 Szigetszentmiklos   0.38   MBA Matrica HU G 
MA 05 19.04 47.34 Szigetszentmiklos   0.51   MBA Matrica HU G 
MA 07 19.04 47.34 Szigetszentmiklos   0.40   MBA Matrica HU G 
MA 09 19.04 47.34 Szigetszentmiklos   0.59   MBA Matrica HU G 
MA 10 19.04 47.34 Szigetszentmiklos   0.17   MBA Matrica HU G 
MV 01 19.78 44.88 Hrtkovci   0.07 0.44 
Ha 
A1/A2 Vojvodina RS H 
MV 02 19.78 44.88 Hrtkovci   0.65   
Ha 
A1/A2 Vojvodina RS H 
MV 03 19.78 44.88 Hrtkovci   0.76   
Ha 
A1/A2 Vojvodina RS H 
MV 04 19.78 44.88 Hrtkovci   0.15   
Ha 
A1/A2 Vojvodina RS H 
MV 05 19.78 44.88 Hrtkovci   0.58   
Ha 
A1/A2 Vojvodina RS H 
MV 06 20.14 45.14 Beli At   0.33 0.39 Ha A Vojvodina RS H 
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MV 07 20.14 45.14 Beli At   0.42   Ha A Vojvodina RS H 
MV 08 20.14 45.14 Beli At   0.34   Ha A Vojvodina RS H 
MV 09 20.14 45.14 Beli At   0.45   Ha A Vojvodina RS H 
MV 10 20.77 45.66 Hetin   0.28 0.46 Ha A Vojvodina RS H 
MV 11 20.77 45.66 Hetin   0.47   Ha A Vojvodina RS H 
MV 12 20.77 45.66 Hetin   0.64   Ha A Vojvodina RS H 
MV 13 20.77 45.66 Hetin   0.35   Ha A Vojvodina RS H 
MV 14 20.77 45.66 Hetin   0.63   Ha A Vojvodina RS H 
MV 15 20.77 45.66 Hetin   0.40   Ha A Vojvodina RS H 
NI 01 21.86 43.33 Medoševac   0.86 0.70 Ha A Niš RS U 
NI 02 21.86 43.33 Medoševac   0.58   Ha A Niš RS U 
NI 03 21.86 43.33 Medoševac   0.65   Ha A Niš RS U 
NI 04 21.90 43.32 Velika Humska Čuka   0.28 0.51 
MBA-
LBA Niš RS S 
NI 05 21.90 43.32 Velika Humska Čuka   0.74   
MBA-
LBA Niš RS S 
NI 06 22.52 43.20 Staničenje   0.60 0.60 LBA Niš RS U 
NI 07 21.71 43.64 Guvnište   0.71 0.71 LBA Niš RS U 
NS 01 19.94 45.30 Popov Salaš   0.47 0.62 MBA Novi Sad RS S 
NS 03 19.94 45.30 Popov Salaš   0.58   MBA Novi Sad RS S 
NS 04 19.94 45.30 Popov Salaš   1.03   MBA Novi Sad RS S 
NS 05 19.94 45.30 Popov Salaš   0.31   MBA Novi Sad RS S 
NS 06 19.94 45.30 Popov Salaš   1.15   MBA Novi Sad RS S 
NS 09 19.94 45.30 Popov Salaš   0.17   MBA Novi Sad RS S 
PA 04 21.08 44.79 Gaj   0.42 0.29 Ha A Pančevo RS H 
PA 05 21.08 44.79 Gaj   0.32   Ha A Pančevo RS H 
PA 06 21.08 44.79 Gaj   0.59   Ha A Pančevo RS H 
PA 09 21.03 44.71 Morava Mouth   0.70 0.70 LBA Pančevo RS U 
PE 02 22.65 42.83 Tran   0.45 0.45 Ha A Pernik BG H 
PE 04 22.73 42.56 Smirov Dol   0.36 0.36 LBA Pernik BG U 
PL 01 26.67 43.00 Varbitsa   0.23 0.22 Ha A Pleven BG H 
PL 02 26.67 43.00 Varbitsa   0.45   Ha A Pleven BG H 
PL 03 26.67 43.00 Varbitsa   0.22   Ha A Pleven BG H 
PL 04 26.67 43.00 Varbitsa   0.32   Ha A Pleven BG H 
PL 05 26.67 43.00 Varbitsa   0.19   Ha A Pleven BG H 
PL 07 24.27 43.46 Pelovo   0.16 0.33 Ha A Pleven BG H 
PL 08 24.27 43.46 Pelovo   0.45   Ha A Pleven BG H 
PL 09 24.27 43.46 Pelovo   0.36   Ha A Pleven BG H 
PO 01 21.53 44.60 Klenje   0.62 0.51 Ha A Požaravac RS H 
PO 02 21.53 44.60 Klenje   0.61   Ha A Požaravac RS H 
PO 03 21.53 44.60 Klenje   0.67   Ha A Požaravac RS H 
PO 04 21.53 44.60 Klenje   0.22   Ha A Požaravac RS H 
PO 05 21.53 44.60 Klenje   0.20   Ha A Požaravac RS H 
PO 06 21.53 44.60 Klenje   0.32   Ha A Požaravac RS H 
PO 07 21.53 44.60 Klenje   0.54   Ha A Požaravac RS H 
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PO 08 21.53 44.60 Klenje   0.70   Ha A Požaravac RS H 
PO 09 21.53 44.60 Klenje   0.70   Ha A Požaravac RS H 
PO 13 21.26 44.70 Bradarac   0.58 0.61 
Br D/Ha 
A  Požaravac RS H 
PO 14 21.26 44.70 Bradarac   0.24   
Br D/Ha 
A  Požaravac RS H 
PO 15 21.26 44.70 Bradarac   0.79   
Br D/Ha 
A  Požaravac RS H 
PO 16 21.26 44.70 Bradarac   0.72   
Br D/Ha 
A  Požaravac RS H 
PO 17 21.26 44.70 Bradarac   0.66   
Br D/Ha 
A  Požaravac RS H 
PO 18 21.26 44.70 Bradarac   0.68   
Br D/Ha 
A  Požaravac RS H 
PO 19 21.26 44.70 Bradarac   0.64   
Br D/Ha 
A  Požaravac RS H 
PO 20 21.26 44.70 Bradarac   0.63   
Br D/Ha 
A  Požaravac RS H 
PO 21 21.26 44.70 Bradarac   0.54   
Br D/Ha 
A  Požaravac RS H 
PO 22 21.18 44.72 Kostolac   0.44 0.60 Ha A Požaravac RS H 
PO 23 21.18 44.72 Kostolac   0.67   Ha A Požaravac RS H 
PO 24 21.18 44.72 Kostolac   0.58   Ha A Požaravac RS H 
PO 25 21.18 44.72 Kostolac   0.63   Ha A Požaravac RS H 
PO 26 21.18 44.72 Kostolac   0.59   Ha A Požaravac RS H 
PO 27 21.18 44.72 Kostolac   0.69   Ha A Požaravac RS H 
PO 28 21.39 44.41 Kamenovo   0.61 0.75 Br D Požaravac RS H 
PO 29 21.39 44.41 Kamenovo   0.89   Br D Požaravac RS H 
PO 30 21.59 44.63 Vojilovo   0.76 0.54 Ha A Požaravac RS H 
PO 31 21.59 44.63 Vojilovo   0.66   Ha A Požaravac RS H 
PO 32 21.59 44.63 Vojilovo   0.35   Ha A Požaravac RS H 
PO 33 21.59 44.63 Vojilovo   0.39   Ha A Požaravac RS H 
PO 34 21.59 44.63 Vojilovo   0.68   Ha A Požaravac RS H 
PO 35 21.59 44.63 Vojilovo   0.40   Ha A Požaravac RS H 
PO 36 21.59 44.63 Vojilovo   0.72   Ha A Požaravac RS H 
PO 37 21.59 44.63 Vojilovo   0.34   Ha A Požaravac RS H 
PO 44 21.24 44.55 Kravlji Do   0.66 0.69 Br C/D Požaravac RS H 
PO 45 21.24 44.55 Kravlji Do   0.72   Br C/D Požaravac RS H 
RU 01 19.86 44.89 Budjanovci   0.44 0.44 Ha 1 Ruma RS U 
SA 01 19.48 44.50 Metlik   0.61 0.69 
Br D/ Ha 
A Šabac RS U 
SA 02 19.48 44.50 Metlik   0.76   
Br D/ Ha 
A Šabac RS U 
SA 03 19.74 44.67 Kačer   0.74 0.74 Br C Šabac RS U 
SA 04 19.62 44.70 Bus   0.28 0.44 Ha A Šabac RS U 
SA 05 19.62 44.70 Bus   0.59   Ha A Šabac RS U 
SA 06 19.45 44.92 Banovo Polje   0.50 0.50 Br B Šabac RS U 
SA 08 19.47 44.65 Bela Reka   0.97 0.97 Br B  Šabac RS U 
SE 01 19.93 46.00 Velebit   0.25 0.49 MBA Senta RS G 
SE 02 19.93 46.00 Velebit   0.28   MBA Senta RS G 
SE 03 19.93 46.00 Velebit   0.14   MBA Senta RS G 
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SE 05 19.93 46.00 Velebit   0.73   MBA Senta RS G 
SE 06 19.93 46.00 Velebit   1.08   MBA Senta RS G 
SE 07 19.93 46.00 Velebit   0.45   MBA Senta RS G 
SE 09 19.82 45.18 Popović   0.16 0.20 Br C/D Senta RS H 
SE 10 19.82 45.18 Popović   0.24   Br C/D Senta RS H 
SF 01 26.67 43.00 Varbitsa   0.25   Ha A Sofia BG H 
SF 02 26.67 43.00 Varbitsa   0.18   Ha A Sofia BG H 
SF 03 26.67 43.00 Varbitsa   0.26   Ha A Sofia BG H 
SF 04 26.67 43.00 Varbitsa   0.15   Ha A Sofia BG H 
SF 05 26.67 43.00 Varbitsa   0.16   Ha A Sofia BG H 
SF 06 26.67 43.00 Varbitsa   0.01   Ha A Sofia BG H 
SF 07 43.73 23.96 Oryahovo   0.07 0.07 MBA Sofia BG H 
SF 08 22.93 43.44 Mitrovtsi   0.00 0.00 Ha A Sofia BG H 
SF 09 24.70 43.64 Gulyantsi   0.11 0.14 Ha A Sofia BG H 
SF 10 24.70 43.64 Gulyantsi   0.17   Ha A Sofia BG H 
SF 11 23.43 42.76 Chepintsi   0.08 0.08 Ha A Sofia BG H 
SF 12 22.65 44.19 Balei   0.35 0.37 LBA Sofia BG G 
SF 13 22.65 44.19 Balei   0.24   LBA Sofia BG G 
SF 14 22.65 44.19 Balei   0.58   LBA Sofia BG G 
SF 15 22.65 44.19 Balei   0.41   LBA Sofia BG G 
SF 16 22.65 44.19 Balei   0.29   LBA Sofia BG S 
SF 17 22.65 44.19 Balei   0.18   LBA Sofia BG S 
SF 19 22.65 44.19 Balei   0.38   LBA Sofia BG S 
SF 20 22.65 44.19 Balei   0.50   LBA Sofia BG S 
SF 21 22.65 44.19 Balei   0.37   LBA Sofia BG S 
SL 01 25.08 43.14 Kramolin   0.24 0.24 Unk Sevlievo BG H 
SL 02 25.01 42.84 Kravenik   0.17 0.10 Unk Sevlievo BG H 
SL 03 25.00 43.14 Agatovo   -0.04 -0.04 Unk Sevlievo BG H 
SL 05 25.01 42.84 Kravenik   0.03   MBA Sevlievo BG H 
SO 01 19.12 45.77 Ciglana   0.33 0.33 Ha A Sombor RS H 
SO 02 18.94 45.89 Kolut   0.46 0.48 LBA Sombor RS G 
SO 04 18.94 45.89 Kolut   0.31   LBA Sombor RS G 
SO 05 18.94 45.89 Kolut   0.82   LBA Sombor RS G 
SO 06 18.94 45.89 Kolut   0.32   LBA Sombor RS G 
SO 08 18.81 45.29 Vinkovci   0.83 0.83 Ha A Sombor RS U 
SO 09 18.85 45.84 Batina   0.46 0.46 LBA Sombor RS G 
SO 12 19.05 45.45 Elektro Vojvodina   0.51 0.51 Unk Sombor RS U 
SR 01 19.98 44.96 Donji Petrovci   0.48 0.47 Ha A 
Sremska 
Mitrovica RS H 
SR 02 19.97 44.90 Pecinci   0.58 0.59 Ha A 
Sremska 
Mitrovica RS H 
SR 03 19.98 44.96 Donji Petrovci   0.60   Ha A 
Sremska 
Mitrovica RS H 
SR 04 19.97 44.90 Pećinci   0.48   Ha A 
Sremska 
Mitrovica RS H 
SR 05 19.97 44.90 Pećinci   0.62   Ha A 
Sremska 
Mitrovica RS H 
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SR 06 19.97 44.90 Pećinci   0.70   Ha A 
Sremska 
Mitrovica RS H 
SR 07 19.98 44.96 Donji Petrovci   0.61   Ha A 
Sremska 
Mitrovica RS H 
SR 09 19.98 44.96 Donji Petrovci   0.17   Ha A 
Sremska 
Mitrovica RS H 
SR 11 19.92 44.97 Dobrinci   1.10 0.72 Ha A 
Sremska 
Mitrovica RS H 
SR 12 19.92 44.97 Dobrinci   0.79   Ha A 
Sremska 
Mitrovica RS H 
SR 13 19.92 44.97 Dobrinci   0.56   Ha A 
Sremska 
Mitrovica RS H 
SR 14 19.92 44.97 Dobrinci   0.42   Ha A 
Sremska 
Mitrovica RS H 
SR 16 20.10 44.88 Šimanovci   0.65 0.49 Ha A 
Sremska 
Mitrovica RS H 
SR 18 20.10 44.88 Šimanovci   0.52   Ha A 
Sremska 
Mitrovica RS H 
SR 19 20.10 44.88 Šimanovci   0.29   Ha A 
Sremska 
Mitrovica RS H 
SR 22 19.37 45.01 Kuzmin   0.76 0.70 Ha A 
Sremska 
Mitrovica RS H 
SR 24 19.37 45.01 Kuzmin   0.64   Ha A 
Sremska 
Mitrovica RS H 
SU 01 19.55 45.94 Gjurgen   0.23 0.44 
Br D/Ha 
A Subotica RS G 
SU 02 19.55 45.94 Gjurgen   0.43   
Br D/Ha 
A Subotica RS G 
SU 03 19.55 45.94 Gjurgen   0.55   
Br D/Ha 
A Subotica RS G 
SU 04 19.55 45.94 Gjurgen   0.48   
Br D/Ha 
A Subotica RS G 
SU 05 19.55 45.94 Gjurgen   0.42   
Br D/Ha 
A Subotica RS G 
SU 06 19.74 45.92 Čantavir   0.24 0.24 LBA Subotica RS U 
SU 07 19.55 45.94 Gjurgen   0.51   
Br D/Ha 
A Subotica RS G 
SV 01 22.02 43.28 Lovački Most   0.66 0.66 Unk Svrljig RS U 
SV 03 22.28 43.36 Golemi Kamen   0.57 0.57 Unk Svrljig RS U 
SV 04 22.13 43.41 Stari Grad   0.72 0.72 Unk Svrljig RS U 
SV 05 22.03 43.45 Dira   0.37 0.42 Unk Svrljig RS U 
SV0 6 22.03 43.45 Dira   0.47   Unk Svrljig RS U 
SZ 01 20.59 46.30 Rákoš   0.36 0.27 Ha A Szeged HU U 
SZ 02 20.59 46.30 Rákoš   0.38   Ha A Szeged HU U 
SZ 03 20.59 46.30 Rákoš   0.22   Ha A Szeged HU U 
SZ 04 20.59 46.30 Rákoš   0.21   Ha A Szeged HU U 
SZ 05 20.59 46.30 Rákoš   0.24   Ha A Szeged HU U 
SZ 06 20.59 46.30 Rákoš   0.09   Ha A Szeged HU U 
SZ 07 20.59 46.30 Rákoš   0.39   Ha A Szeged HU U 
SZ 08 20.72 46.24 Csanadpalota   0.18 0.23 Unk Szeged HU U 
SZ 09 20.72 46.24 Csanadpalota   0.25   Unk Szeged HU H 
SZ 10 20.72 46.24 Csanadpalota   0.29   Unk Szeged HU H 
SZ 11 20.72 46.24 Csanadpalota   0.19   Unk Szeged HU H 
SZ 12 20.72 46.24 Csanadpalota   0.14   Unk Szeged HU H 
SZ 13 20.72 46.24 Csanadpalota   0.32   Unk Szeged HU H 
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VA 01 19.98 44.18 Bukovac   0.64 0.67 LBA Valjevo RS H 
VA 03 19.98 44.18 Bukovac   0.69   LBA Valjevo RS G 
VN 01 21.84 42.71 Golemo Selo   0.21 0.21 Ha A Vranje RS G 
VN 02 22.14 42.47 Stari Glog   0.14 0.14 Br D-HaA Vranje RS U 
VN 03 21.41 42.28 Kančulj Gradište   0.17 0.17 Unk Vranje RS H 
VN 04 21.82 42.31 Ljanik   0.19 0.19 Ha A Vranje RS H 
VN 05 21.80 42.32 Svinjište   0.20 0.20 Ha A Vranje RS H 
VR 01 21.24 45.23 Vatin   0.19 0.33 MBA Vršac RS H 
VR 02 21.24 45.23 Vatin   0.39   MBA Vršac RS G 
VR 04 21.24 45.23 Vatin   0.28   MBA Vršac RS G 
VR 05 21.24 45.23 Vatin   0.48   MBA Vršac RS G 
VR 06 21.32 44.84 Banatska Palanka   1.33 1.33 Unk Vršac RS G 
VR 07 21.50 45.14 Grujac   0.46 0.39 Ha A Vršac RS U 
VR 08 21.50 45.14 Grujac   0.48   Ha A Vršac RS H 
VR 09 21.50 45.14 Grujac   0.24   Ha A Vršac RS H 
VR 10 21.19 45.11 Ludoš   0.64 0.64 Br B Vršac RS H 
ZR 02 20.14 45.60 Novi Bečej   0.38 0.38 Unk Zrenjanin RS U 
ZR 03 20.78 45.38 Sečanj   0.72 0.59 Ha A Zrenjanin RS U 
ZR 04 20.78 45.38 Sečanj   0.43   Ha A Zrenjanin RS H 
ZR 05 20.78 45.38 Sečanj   0.50   Ha A Zrenjanin RS H 
ZR 06 20.78 45.38 Sečanj   0.70   Ha A Zrenjanin RS H 
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Appendix C 
Cassiterite Data 
C.1 
Table 5: Cassiterite Data 
Abbreviations: Sample: CZR, Czechia; ENG, England; GER, Germany; SER, Serbia.  
 
  Sample Location δ124Sn 
Eastern Pluton 
CZR 
01 Cínovec 0.81 
  
CZR 
02 Cínovec 0.48 
  
CZR 
03 Cínovec 0.11 
  
CZR 
05 Krupka 0.20 
Western Pluton - 
South 
CZR 
06 Horní Slavkov 0.36 
  
CZR 
07 Horní Slavkov -0.11 
  
CZR 
08 Horní Slavkov 0.13 
  
CZR 
09 Krupka 0.97 
  
CZR 
10 Krásno 0.21 
  
CZR 
11 Krupka 1.12 
  
CZR 
12 Krupka 0.56 
  
CZR 
13 Krupka 1.11 
  
CZR 
14 Krupka 1.07 
  
CZR 
15 Krásno 0.34 
  
CZR 
16 Cínovec 0.01 
  
CZR 
17 Cínovec 0.90 
  
CZR 
18 Krupka 1.08 
  
CZR 
19 Krupka 1.02 
  
CZR 
20 Krásno -0.10 
  
CZR 
21 Horní Slavkov 0.99 
  
CZR 
22 Horní Slavkov 0.37 
  
CZR 
23 Cínovec -0.12 
  
CZR 
24 Krásno -0.07 
  
CZR 
25 
Krupka 
1.23 
  
CZR 
26 Cínovec 0.50 
  
CZR 
27 
Horní Slavkov - 
Placer -0.05 
  
CZR 
28 
Horní Slavkov - 
Placer 0.23 
  
CZR 
29 Krásno -0.18 
  
CZR 
30 Krupka 0.90 
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CZR 
31 Krupka 0.75 
  
CZR 
32 Krupka 0.77 
  
CZR 
33 Cínovec 0.91 
  
CZR 
34 Horní Slavkov -0.02 
  
CZR 
36 Horní Slavkov -0.03 
  
CZR 
37 Krupka -0.37 
  
CZR 
38 Krupka 1.27 
  
CZR 
39 Krupka 0.44 
Western Pluton - 
North 
CZR 
40 Hranicna -0.70 
  
CZR 
41 Hranicna 0.27 
Cornwall 
ENG 
01 Cornwall 1.09 
  
ENG 
02 Cornwall 1.20 
  
ENG 
03 Cornwall 0.75 
  
ENG 
04 Cornwall 0.68 
  
ENG 
06 Cornwall -0.83 
  
ENG 
08 Cornwall 1.13 
  
ENG 
09 Cornwall 0.82 
  
ENG 
10 Cornwall 0.54 
  
ENG 
11 Cornwall 0.56 
  
ENG 
13 Cornwall 0.80 
  
ENG 
14 Cornwall 0.81 
  
ENG 
15 Cornwall 0.87 
  
ENG 
17 Cornwall 1.20 
  
ENG 
18 Cornwall 0.87 
  
GER 
02 Altenberg 0.46 
Central Pluton 
GER 
03 Ehrenfriedersdorf 0.87 
  
GER 
04 Ehrenfriedersdorf 0.34 
  
GER 
05 Ehrenfriedersdorf 0.08 
  
GER 
06 
Altenberg 
0.25 
Serbia 
SER 
01 Bukulja -0.07 
  
SER 
02 Bukulja 0.22 
  
SER 
03 Bukulja 0.10 
  
SER 
04 Bukulja 0.25 
  
SER 
05 Cer 0.47 
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SER 
06 Cer 0.42 
  
SER 
07 Cer 0.55 
  
SER 
08 Cer 0.48 
  
SER 
09 Cer 0.50 
  
SER 
10 Cer 0.63 
  
SER 
11 Cer 0.80 
  
SER 
12 Cer 0.63 
  
SER 
13 Cer 0.27 
  
SER 
14 Cer 0.51 
  
SER 
15 Cer 0.26 
  
SER 
16 Cer 0.46 
  
SER 
17 Cer 0.58 
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